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Abstract
Nickel-copper sulfide ore deposits are found at the base of mafic and ultramafic bodies. All their host rocks,
except the Sudbury Igneous Complex, are thought to be mantle-derived melts. The Sudbury Igneous Complex
is thought to be the product of complete melting of continental crust. 
In the case of mantle-derived magmas, a high degree of partial melting of the mantle serves to enrich the
silicate magma in Ni and platinum group elements (PGE). This magma must then be transported to the crust
by an efficient process in order to reduce the possibility that Ni is removed from the magma by crystallization
of olivine. Once the magma is emplaced into the crust, S from some source must be added to bring about sat-
uration of the base metal sulfide liquid. An ideal site for all of these processes is where a mantle plume inter-
sects a continental rift. The plume provides a large volume of magma, produced by a high degree of partial
melting. The normal faults of the rift provide easy access to the crust so that the magma is transported effi-
ciently. In many cases rifts contain sedimentary rocks rich in S, thus providing an ideal source of S for sulfide
saturation. The heat from the plume can lead to melting of a large volume of rift sediments and release of S
from the sediments to the Ni-PGE–rich primary magma. In the case of the Sudbury Igneous Complex, a very
large volume of superheated magma formed by flash melting of the crust. This melting event was the result of
the impact of shock waves from the explosion of a large meteor in the atmosphere. 
In both the case of mantle-derived magma and the case of the Sudbury Igneous Complex, once sulfide liq-
uid formed as suspended droplets in the silicate magma it must have interacted with a large volume of mafic
magma in order to become enriched in Ni, Cu, and PGE in the sulfide. This enrichment occurred when the
droplets were transported or when they were suspended in eddies. The magma from which the Sudbury Ig-
neous Complex formed was superheated and base metal sulfide liquid formed at approximately 200°C above
the magma liquidus. Thus the Sudbury sulfide liquid had more time to equilibrate with the silicate magma than
a sulfide droplet in a mantle-derived magma. This extra time and the huge volume of silicate magma in the
melt sheet allowed the sulfide liquid to maximize the concentration of Ni, Cu, and PGE. The efficiency of the
metal collection step in the case of the Sudbury Igneous Complex counterbalanced the fact that this crustal-
derived magma had lower Ni and PGE contents than most mantle-derived magmas.
The sulfide droplets collected at the base of intrusions and lava flows because they are denser than the sili-
cate magma. The largest concentrations are typically found in locations where there are changes in the geom-
etry of the contacts between intrusions or flows and the country rock. In some cases the accumulated sulfide
liquid fractionated to form an Fe-rich monosulfide solid-solution (mss) cumulate and a Cu-rich sulfide liquid
which later crystallized as an intermediate solid solution (iss). As a result of crystal fractionation of mss many
Ni sulfide orebodies show a strong zonation with respect to Cu and PGE. During mss fractionation Os, Ir, Ru,
and Rh concentrated in the mss cumulate and Cu, Pt, Pd, and Au concentrated in the Cu-rich sulfide liquid.
The partition coefficient for Ni into mss is close to 1; thus, mss fractionation would not have caused large vari-
ations in Ni concentrations. The silicate magma solidified at or above 1,000°C whereas the Cu-rich sulfide liq-
uid solidified at ~900°C. Thus, at many localities the Cu-rich sulfide liquid appears to have migrated into dila-
tent spaces in the footwall or the hanging wall to form veins that extend into the country rock for up to 2 km.
At subsolidus temperatures a number of processes modify the orebodies. Both the mss and iss are not sta-
ble below 600°C. As the sulfides cooled mss exsolved to form pyrrhotite and pentlandite (±pyrite), and iss ex-
solved to form chalcopyrite and pyrrhotite (±cubanite, ±pyrite). Most of the PGE and chalcophile elements
that originally partitioned into mss or iss are not readily accommodated in the structure of pyrrhotite, pent-
landite, and chalcopyrite; therefore, they exsolve from the mss and iss at low temperature and form a wide va-
riety of platinum group minerals (PGM).
During deformation stress may focus in the structurally incompetent massive sulfide units, which are gen-
erally located at the lower contact of the mafic or ultramafic host rock. In this situation the massive sulfides
may then be displaced relative to the host rocks. Finally, during greenschist to amphibolite metamorphism,
olivine is unstable and Ni released from the olivine will partition into disseminated sulfides, thereby upgrading
the sulfides. 
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Introduction
APPROXIMATELY 60 percent of the world’s nickel is produced
from Fe-Ni-Cu sulfides found in association with mafic or ul-
tramafic intrusions or flows (Naldrett, 2004). This includes
the Fe-Ni-Cu sulfides found at the margins of the Sudbury
Igneous Complex, Ontario, Canada. Most of the rest of Ni
production comes from limonitic and saprolitic laterite de-
posits, which form by weathering of ultramafic rocks
(Freyssinet et al., 2005). A small quantity of Ni is produced as
a by-product of platinum group element (PGE) deposits as-
sociated with layered intrusions (Cawthorn et al., 2005).
Thus, mafic and ultramafic rocks ultimately represent the
source of almost all the world’s nickel resources. This paper
focuses on the formation of Ni-Cu sulfide deposits.
There are many Ni-Cu sulfide deposits (i.e., accumulations
of Ni-Cu sulfide minerals; Bates and Jackson, 1987) around
the world, but most of these do not constitute Ni-Cu sulfide
ore deposits (i.e., they are not economic at present to mine
and process; Bates and Jackson, 1987) because they are either
too small or the grade is too low, or other factors prevent the
economic exploitation of the deposit. In this paper Ni-Cu sul-
fide ore deposits will be referred to as Ni sulfide ores, non-
economic Ni-Cu sulfide deposits as Ni sulfide occurrences,
and when both ores and occurrences are included the term
Ni sulfide deposits will be used. Most Ni sulfide ore deposits
occur as a cluster of deposits known as a mining camp. Typi-
cally the grade of the ores is greater than 0.5 percent Ni and
the mining camp generally contains more than 100,000 tons
(t) Ni (Table 1). Each individual ore deposit generally con-
tains greater than 10,000 t Ni.
Ni sulfide deposits have been studied extensively over the
past 25 years, not only because of their significance with re-
spect to Ni but also because many of these sulfides contain Au
and PGE at the g/t level, Cu in the 0.1 to 10 percent range,
and Co at the 0.1 to 0.3 percent level, making these elements
valuable by-products of Ni production. 
Naldrett (2004) summarizes much of the literature on mag-
matic sulfides, and Arndt et al. (2005) discuss the petrogene-
sis of mafic-ultramafic rocks and aspects relevant to their
mineralization. Recent summaries of Ni-Cu sulfides associ-
ated with komatiites and picrites include Lesher and Keays
(2002), Arndt et al. (2005), and Barnes (2004, in press). The
Sudbury Igneous Complex has recently been the subject of a
special issue of Economic Geology (Lesher and Thurston,
2002), and there are also numerous papers in a recent sym-
posium volume edited by Lightfoot and Naldrett (1994). De-
tails of the Noril’sk-Talanakh deposits are presented in various
papers in the Lightfoot and Naldrett (1994) volume and sum-
mary papers by Czamanske et al. (1995) and Naldrett et al.
(1996a); Jinchuan has been described by Chai and Naldrett
(1992), Tang (1993), and De Waal et al. (2004). There are two
recent special issues devoted to Voisey’s Bay (Lambert and
Ripley, 1999; Naldrett and Li, 2000). These papers provide
detailed descriptions of individual deposits that are beyond
the scope and aim of this paper. The objective of this paper is
first to document the features that are common to most Ni
sulfide deposits and then review the range and relative
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TABLE 1.  Estimates of Historic Production, Present Reserves, and Resources for Ni Sulfide Deposits and Camps
Ni Cu Contained Ni % of total 
Mining Camp Location Size (mt) (wt %) (wt %) (t) resources Deposit type References
Sudbury Ontario, Canada 1648.0 1.2 1.03 19,776,000 30.34 1 (i) 1
Noril'sk-Talnakh Russia 1309.3 1.77 3.57 23,174,610 35.55 1 (ii) 2
Jinchuan China 515.0 1.06 0.67 5,459,000 8.37 1 (ii) 1
Voisey's Bay Labrador, Canada 136.7 1.59 0.85 2,173,530 3.33 1 (iv) 2
Selebi-Pikwe Botswana 110.0 0.75 1 825,000 1.27 1 (vi) 1
Shebandowan Ontario, Canada 15.0 1.5 1 225,000 0.35 1 (vi) 1
Lynn Lake Manitoba, Canada 20.0 1.02 0.535 204,000 0.31 1 (vi) 1
Monchegorsk Russia 47.0 0.7 0.4 329,000 0.50 1 (vi) 1
Black Swan Western Australia 10.9 3.43 0.15 373,870 0.57 2 (i) 4,3
Forrestania Belt Western Australia 14.0 1.3 0.06 182,000 0.28 2 (i) 3
Honeymoon Well Western Australia 128.0 0.79 0.008 1,011,200 1.55 2 (i) 4,3
Kambalda district Western Australia 34.3 3.08 0.25 1,055,516 1.62 2 (i) 4,3
Lake Johnston Western Australia 13.9 1.81 n.a. 251,228 0.39 2 (i) 4
Mt. Keith Western Australia 503.0 0.55 0.01 2,766,500 4.24 2 (i) 4,3
Perseverance Western Australia 129.1 0.97 0.06 1,252,270 1.92 2 (i) 4,3
Windarra Western Australia 6.66 1.21 0.16 80,586 0.12 2 (i) 4,3
Widgiemooltha Western Australia 21.1 1.66 0.17 350,094 0.54 2 (i) 4,3
Yakabindi Western Australia 290.0 0.58 0.008 1,682,000 2.58 2 (i) 4,3
O'Toole Brazil 6.6 2.2 0.4 145,200 0.22 2 (i) 5
Thompson Belt Manitoba, Canada 89.0 2.5 0.13 2,225,000 3.41 2 (i) 1
Cape Smith (Raglan) Quebec, Canada 18.5 3.13 0.88 579,050 0.89 2 (i) 1
Hunter's Road Zimbabwe 30.0 0.7 na 210,000 0.32 2 (i) 1
Shangani Zimbabwe 22.0 0.71 na 156,200 0.24 2 (i) 1
Trojan Zimbabwe 20.4 0.68 na 138,380 0.21 2 (i) 1
Pechenga Russia 36.0 1 0.4 360,000 0.55 2 (ii) 1
Kabanga Tanzania 11.7 1.72 0.26 201,240 0.31 2 (ii) 1
Notes: n.a. = not available, 1 = Eckstrand (1996), 2 = Naldrett (2004), 3 = Marston et al. (1981, 4 = S.J. Barnes (in press), 5 = Brenner et al. (1990)
importance of the processes that are responsible for the gen-
eration of economically viable concentrations of Ni, Cu, and
PGE in magmatic sulfides.
Classification of Ni Sulfide Deposits
Nickel-sulfide deposits may be divided into two broad
classes on the basis of their composition and in particular on
the basis of their Ni/Cu ratios. As explained later, this reflects
the composition of the silicate magma from which the sulfide
liquid segregated. All of the deposits of class 1 have Ni/Cu ra-
tios in the 0.8 to 2.5 range (Table 1). Moreover, the concen-
tration of Ni in rocks consisting of 100 percent sulfides ranges
from 1 to 6  percent; thus, the S/Ni ratio in the rocks ranges
from 6 to 36 (Table 2). With the notable exception of
Jinchuan, Gansu Province, China, the host rocks for class 1 Ni
sulfide deposits are gabbronorite or troctolite. Deposits of
class 2 have Ni/Cu ratios greater than 3 (Table 1). In general
the concentration of Ni in rocks consisting of 100 percent sul-
fides is in the 6 to 18 percent range, and thus the S/Ni ratio in
the rocks is between 2 and 6 (Table 2). The host rocks for
class 2 are ultramafic. Class 1 contains the bulk of the world’s
resources in just three mining camps; Sudbury, Noril’sk-Tal-
nakh, Russia, and Jinchuan (Table 1, Fig. 1). Class 2 consists
of many medium-sized to small deposits (Table 1). 
We further divide Ni sulfide deposits based on their geo-
logic association and rock type (Table 3). Subclass 1(i) con-
tains only one mining camp, the Sudbury basin. It is the
world’s largest historic Ni producer and its production plus
reserves make up approximately 34 percent of the world’s re-
sources (Table 1). The geologic setting of these Ni sulfide
ores is at the margins of an igneous complex formed from an
impact melt (Fig. 2a). Subclass 1(ii) consists of the Noril’sk-
Talnakh and the Jinchuan Ni sulfide ores. This subgroup also
contains a number of large tonnage but low-grade Ni sulfide
occurrences such as those of the Duluth intrusion, Min-
nesota. These Ni sulfide deposits are typically found at the
base of sills and margins of dikes that are largely gabbroic in
composition. The sills and dikes are thought to be located in
continental rifts and to represent the feeder conduits of
higher level intrusions or continental flood basalts (Fig. 2b).
In the case of Jinchuan, the host rock is a peridotite and it is
argued that the sulfides were emplaced along with an olivine
crystal mush (De Waal et al., 2004). The third subclass, 1(iii),
is also found in feeders in a rift, but in this case a rifted back
arc rather than a continent. There are no known Ni sulfide
ores although there are numerous occurrences that have sig-
nificant Ni grades, e.g., Bruvann deposit in the Råna intru-
sion, Norway (S-J. Barnes et al., 1988) and the many small Ni
sulfide occurrences in the Baby-Belleterre belt, Quebec,
Canada (Barnes et al., 1993). The fourth subclass 1(iv) con-
tains the Voisey’s Bay Ni sulfide ores of Labrador, Canada.
These sulfides are associated with a troctolite dike and intru-
sion (Fig. 2c). The intrusion was emplaced into the suture
zone between the Nain and Churchill provinces some 500
m.y. after the collision of the two provinces (Ryan et al.,
1995). Subclass 1(v) contains no known Ni sulfide ores. It
consists of small intrusions that appear to have been em-
placed into thick crust (Fig. 2d). There are many examples of
these in the Sveconorwegian terrane of Scandinavia (e.g.,
Flåt, Erterlien; S-J. Barnes et al., 1988) and the Grenville
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Cape Smith
Voisey's Bay
Pechenga
Jinchuan
Sudbury
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FIG. 1.  Location of some of the world’s Ni mining camps and ore deposits.
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terrane of Canada (e.g., Lac Kenogami,Vaillancourt, 2001;
Lac Volant, Nabil et al., 2004). Some have a reasonable Ni
grade but none have large tonnage. The final class 1(vi) con-
sists of Ni sulfide deposits associated with gabbronorites that
are highly deformed or for which too little information has
been published to provide a classification that relates to geo-
logic setting. The two Ni sulfide ores in this class are Selebi-
Pikwe, Botswana, and Vammala, Finland. Historically, many
small deposits of this type were mined in Scandinavia and
Finland (Papunen, 1989).
Class 2 deposits, associated with ultramafic rocks, may be
subdivided into those deposits associated with komatiites [2(i)]
and those associated with picrites [2(ii)]. There are two differ-
ences between the picritic and komatiite hosts. First, by defi-
nition, picrites contain a large quantity of olivine phenocrysts
while komatiites do not necessarily contain olivine phe-
nocrysts. Second, picritic magmas are enrichment in incom-
patible elements, such as alkalis and light rare earth elements
(LREE). Importantly, the picrites that host Ni sulfide ores
are not alkalic. Most komatiitic Ni sulfide ores are thought to
be formed at the base of flows. In this group we find the
Norsemen-Wiluma and Southern Cross-Forrestania green-
stone belts of Western Australia, the Thompson nickel belt
deposits of Manitoba, and the Cape Smith deposits of north-
ern Quebec (Fig. 1). The host bodies to some of the deposits
containing <1 percent Ni from Western Australia (e.g., Mt.
Keith) may be intrusions (Rosengren et al., 2005). In the pi-
critic class are included the Pechenga deposits of the Kola
peninsula, Russia, and the Kabanga deposit of Tanzania. The
geologic setting for these types of deposits is probably a rift
zone that has a coincident plume (Barnes et al., 1997b,
2001b). 
It is notable that all the known Ni sulfide ore deposits, ex-
cept Sudbury, are associated with rocks of the tholeiitic or ko-
matiitic/piciritc lineages. There are no known ore deposits as-
sociated with mid-ocean ridge basalts (MORB), ophiolites,
and calc-alkaline or alkaline rocks. There are Ni occurrences
that have been mined in the past, such as at Acoje in the Zam-
bales ophiolite, Philippines (Yumul, 2001). Furthermore, Pel-
tonen (2004) states that many of the Ni sulfide occurrences in
Svecofennian terrane of Finland formed above a subduction
zone and were derived from calc-alkaline magmas, although
none are currently economic. Typically, the geologic setting of
Ni sulfide ore is a region where a large volume of mafic
magma has had access to continental crust, such as a rift or
along a crust-penetrating fault zone.
General Characteristics of 
Magmatic Ni-Cu Sulfide Deposits 
The minerals that host Ni and Cu in magmatic deposits
are base metal sulfides. In most cases the mineral assem-
blage consists of an intergrowth of pyrrhotite (Fe7S8), pent-
landite ([FeNi]9S8), and chalcopyrite (FeCuS2; Fig. 3a). In a
few cases such as at Noril’sk-Talnalk, the Cu-bearing miner-
als are more varied, including cubanite (Fe2CuS3), mooi-
hookite (Cu9Fe9S16), and talnakhite (Cu9[Fe,Ni8]S16). Asso-
ciated with these sulfides in most cases is 1 to 15 percent
magnetite (Fig. 3b). Cobalt, PGE, and Au are extracted
from most magmatic Ni-Cu ores as by-products, with signif-
icant impact on economics in some deposits (e.g., the No-
ril’sk-Talnakh deposits produce much of the world’s Pd).
The Co is found in pentlandite and substitutes for Ni up to
the percent level. The PGE are generally present as plat-
inum group minerals (PGM), in the form of small grains of
PGE-containing sulfides, arsenides, antimonides bi-
smithides, and tellurides, which exsolved from the base
metal sulfides and occur at or near grain boundaries (Cabri,
2002; Makovicky, 2002). In many cases a large proportion of
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TABLE 3.  Classification of Ni Deposits
Examples of Examples of
Class Host body Geologic association Ni/Cu S/Ni producers occurrences
1(i) Gabbronorite Astrobleme ~1 >6 Sudbury
1(ii) Gabbronorite, minor Rift, feeders to 0.5-2 >6 Noril'sk Duluth
peridotites and pyroxenites contintental flood Jinchuan Muskox
basalts Insizwa
1(iii) Gabbronorite, minor Rifted back-arc basin, 1-2 >6 Bruvann Baby-
peridotites and pyroxenites feeders Belleterre
1 (iv) Gabbronorite to anorthosites Province boundary feeder 1-2 >6 Voisey's Bay
1 (v) Gabbronorite to anorthosites Thick crust 1-2 >6 None known Flat
Lac Volant
1 (vi) Gabbronorite, minor Deformed or unkown 1-2 >6 Selebi-Pikwe Kotalahti
peridotites and pyroxenites Vammala
2 (i) Peridotite-pyroxenite, Rift, komatiite flows, 10-20 <6 Kambalda, Alexo,
minor dunite and intrusions Thompson Texmont
Cape Smith
2 (ii) Pyroxenite-peridotite, Rift, picrite flows, 3-10 <6 Pechenga
minor gabbro and intrusions Kabanga
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FIG. 2.  Cartoons of the geologic settings of Ni sulfide deposits. a. Meteor impact,  Sudbury. b. Feeders to flood basalt,
e.g., Noril’sk. c. Feeders along a suture, Voisey’s Bay. d. Thick crust, Grenville.
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the Pd is contained in solid solution in pentlandite (Paktunc
et al., 1990; Distler, 1994).
The primary sulfide mineralogy may be modified by alter-
ation and/or metamorphism. In deeply weathered terranes
the supergene sulfide minerals may have lost S or base met-
als. The mineralogy may consist of bravoite (Fig. 3b), violar-
ite, and in some case native Cu or Cu oxides. In metamor-
phosed environments, the Fe-sulfides may be oxidized and
magnetite replaces pyrrhotite (e.g., Cawthorn and Meyer,
1993; Maier and Barnes, 1996).
Sulfides tend to be concentrated in the lower portions of
the intrusions or flows in which they occur and in many cases
are associated with physical depressions or changes in geom-
etry of the topography of the footwall (e.g., the Talnakh de-
posits; Fig. 4b). The highest concentrations of sulfides tend to
occur either at the base of the host body or in the immediate
footwall. At most Ni sulfide deposits the sulfide may be di-
vided into disseminated, matrix or net, and massive sulfide,
based on a combination of the sulfide content of the rock and
the silicate texture (Fig. 5). When the sulfides are not inter-
connected they are described as disseminated. The amount of
sulfide present is between 1 and 33 modal percent (Fig. 6a).
When sulfides are interconnected and form a matrix to the
silicates they are described as matrix or net textured (Fig. 6b).
The sulfide is generally 33 to 66 percent, although it can be
lower in some cases. When the sulfide content exceeds 66
percent they are described as semimassive to massive sulfides
(Fig. 6c). Due to the density difference between silicate and
sulfide minerals there is a difference between modal percent
and weight percent of a phase. Assuming that the average S
content of the sulfides is 38 percent, these modal divisions
correspond to approximately 0.6 to 17 wt percent S in rocks
containing disseminated sulfide, 17 to 28 wt percent S in
rocks containing matrix (or net) sulfide, and 28 to 38 wt per-
cent S in rocks containing massive sulfide. 
Disseminated sulfides may be further divided. In most
cases they occur as irregular 1-mm to 1-cm patches intersti-
tial to the silicate and oxide minerals. At some localities, no-
tably Noril’sk-Talnakh, Pechenga, and Insizwa, South Africa,
they occur as 1- to 10-cm-sized globules. In a few cases these
globules are zoned with a pyrrhotite-rich base and chalcopy-
rite-rich top (Fig. 6a). This zonation is mirrored on a much
larger scale in the massive ores, which may form a pyrrhotite-
rich base or margin and chalcopyrite-rich top or center (e.g.,
the Oktyabr’sky ore deposit at Noril’sk-Talnakh). The massive
ores tend to occur along the contact between the country rock
and the host rocks. However, massive sulfide may also occur
in footwall veins (Figs. 5, 6d) that in some cases extend away
from the contact into the country rock for up to 2 km (e.g.,
Sudbury).
In cases where the magma has been emplaced into or onto
a sulfide-bearing sedimentary rock (e.g., Duluth, Pechenga,
Thompson, and Kambalda, Western Australia) there is a fifth
category of sulfides (Fig. 6e). Away from the intrusions in
their unmetamorphosed form the sulfide is pyrite (e.g., Du-
luth and Pechenga; Theriault and Barnes, 1998; Barnes et al.,
2001b; Ripley and Li, 2003). However, close to the intrusion
contact the pyrite is converted to pyrrhotite and locally grades
into Ni-rich sulfides, e.g., Thompson (Bleeker, 1990).
Deformation can also complicate the relationship between
the sulfide and silicate minerals. Massive sulfides sandwiched
between country rock and a mafic or ultramafic host rock rep-
resent an incompetent layer that will tend to focus deforma-
tion and in many cases become a matrix to the brecciated sil-
icate rocks (Fig. 6f). This texture has also been referred to as
“durchbewegung” (Vokes, 1969) and is an especially common
feature in the Thompson and Pechenga deposits.
Description of Representative Mining Camps
In most cases mining camps consist of a number of Ni sul-
fide ore deposits. Five of these camps will now be described
in more detail.
Noril’sk-Talnakh
The Noril’sk-Talnakh Ni sulfide ores of Russia are found at
the base of differentiated sills, which are dated at 248 ± 4 Ma
(Campbell et al., 1992) and are associated with the Siberian
continental flood basalts. Three of these intrusions (Noril’sk I,
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FIG. 3.  Photomicrographs of base metal sulfides and associated oxides from Ni sulfide deposits: pyrrhotite (Po), pent-
landite (Pn), chalcopyrite (Cp), bravoite (Bv), and magnetite (Mg). a. Massive sulfides from Voisey’s Bay. b. Massive sulfides
from Lac Volant. 
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FIG. 5.  Idealized sketch of the relationship between massive, matrix, disseminated, and vein sulfides (modified after
Barnes et al., 1997b). 
Talnakh, and Kharaelakh; Fig, 4a) contain ore deposits (Zien-
tek et al., 1994). Many other intrusions in the area also con-
tain disseminated sulfides, but only these three contain suffi-
cient sulfides of high enough grade to be mineable. The three
ore-bearing intrusions occur along a major crust-penetrating
fault, which is approximately 100 km long and known as the
Noril’sk-Talnakh fault (Fig. 4a). The country rocks include
evaporites, carbonates, and coal-bearing terrigenous sedi-
ments that range in age from Devonian to Carboniferous.
The geology of the whole area has been interpreted as having
formed in a depression associated with a rift structure related
to traces of deep faults (Duzhikov et al., 1992).
The ore-bearing intrusions are 50 to 300 m thick, 500 to
2,000 m wide, and over 15 km long (Fig. 4b). A typical cross
section (Fig. 7) of the Talnakh intrusion has 3 to 10 m of
massive sulfide at the base. This is overlain by a variable-tex-
tured olivine gabbro that contains disseminated sulfides. This
variable-textured rock is characterized by irregular changes in
texture, mode, and grain size on the scale of hand specimen
to outcrop, and in many cases the unit contains inclusions of
mafic rocks. The local term for this texture is taxitic (Zientek
et al., 1994). The variable-textured olivine gabbro is overlain
by an olivine melagabbro with disseminated sulfides. The Russ-
ian geologists refer to this as picritic gabbrodolerite (Zientek et
al., 1994). Inclusions of the variable-textured olivine gabbro
occur within the olivine melagabbro, suggesting that the olivine
melagabbro magma was injected into the partly solidified vari-
able-textured olivine gabbro. Above the olivine melagabbro the
olivine concentration in the gabbro decreases and the unit con-
sists of biotite-bearing olivine gabbro to gabbro. The rocks
close to the upper contacts of the intrusions have variable crys-
tal size and contain local domains of pegmatite and leucogab-
bro. These rocks are also referred to as taxitic by Russian geol-
ogists, because of their variable textures.
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FIG. 6.  Photographs. (a) disseminated, (b) matrix, (c) massive, (d) vein, (e) sedimentary, and (f) breccia matrix sulfides.
The matrix sulfides are from Noril’sk, all of the others examples are from Pechenga. 
The proportion of sulfide to silicate minerals present in the
sills (~1:10) is far too high for the sulfides to have segregated
from only the material in the sills (Likhachev, 1973; Naldrett
et al., 1996a). Two models may be advanced to explain the
disproportionate quantity of sulfides present. In the first
model it is assumed that the sills are open systems and that a
large quantity of silicate magma carrying olivine and plagio-
clase phenocrysts plus sulfide droplets passed through the
sills. The sulfides droplets settled out of the silicate magma
and collected in the topographic lows of the footwall (Zen’ko
and Czamanske, 1994). However, in many cases the massive
sulfides do not show concordant contacts with the intrusion
and do not grade into matrix and disseminated sulfides of the
sill. Furthermore, at some localities the massive sulfide cross-
cuts the contact between the sedimentary rocks and the in-
trusion. At other localities a thin slice of hornfels or fine-
grained gabbro is present between the intrusion and the
massive sulfides. This has led to an alternative model, which
suggests that the sulfide liquid segregated from the silicate
magma elsewhere and that this sulfide liquid was later in-
jected between the consolidated sills and the sedimentary
rocks. However, Zen’ko and Czamanske (1994) point out the
disseminated sulfides from within a particular intrusion and
the massive sulfides associated with it have the same isotopic
(Re-Os, Pb-Pb) signatures, and different intrusions have
slightly different signatures. This suggests to us that the mas-
sive sulfides segregated from the magma that formed the as-
sociated intrusion. The field relationships may be explained as
follows. A Cu-rich sulfide liquid does not solidify until ~
900°C, whereas the silicate magma might be expected to so-
lidify by ~1,000°C. Thus, sulfide droplets could have segre-
gated from the silicate magma as it flowed over embayments,
such that the droplets formed a pool of liquid. The silicate
magma could have solidified, followed by minor movements
in the crust associated with the emplacement of the huge vol-
ume of flood basalts, causing the unconsolidated sulfide liq-
uid to migrate short distances into any dilatencies that
formed.
Voisey’s Bay
The Voisey’s Bay Ni sulfide ore deposits in Labrador are as-
sociated with a troctolite intrusion emplaced in the suture be-
tween the Protorozoic Churchill and Archean Nain provinces
(Fig. 8a). The troctolite is much younger (1332.7 ± 1 Ma;
Amelin et al., 1999) than the suture (1860–1840 Ma; Ryan et
al., 1995) and is part of the Nain Plutonic Suite. The suite
consists of troctolite, anorthosite, diorite, and granite, and it
invaded the suture between 1350 and 1290 Ma (Ryan et al.,
1995). The western end of the Voisey’s Bay troctolite is em-
placed in a Protorozoic paragneiss (the Tasiuyak gneiss) and
the eastern end into orthogenesis and granite (Fig. 8b).
There are two general environments where sulfides have
accumulated in the Voisey’s Bay troctolite. One is within the
5- to 120-m-wide dike in the western part of the intrusion,
where four mineralized zones have been found, the Reid
Brook, Discovery Hill, Mini-Ovoid, and Ovoid orebodies
(Fig. 8b). The other is at the margins of the Eastern Deeps in-
trusion, where the feeder dike enters the intrusion. Figure 8c
shows a cross section of the Eastern Deeps intrusion. The
feeder conduit contains a variable-textured troctolite in which
the crystal size ranges from pegmatitic (up to 50 mm) to
medium,. Patches of sulfides are present in much of the vari-
able-textured troctolite. Massive sulfide and matrix sulfide
occurs where the dike enters the chamber. The massive sul-
fide is surrounded by a breccia consisting of fragments of
gneiss, unmineralized troctolite, and peridotite in a matrix of
sulfide-bearing troctolite (Naldrett et al., 1996b). The bulk of
the Eastern Deeps intrusion is occupied by a uniformed tex-
tured troctolite, referred to as normal troctolite. 
Cape Smith
The Cape Smith fold and thrust belt of northern Quebec
(Fig. 9a) was formed in the Paleoproterozoic (1900–1960 Ma;
Parish, 1989). The southern portion of the belt consists of
sedimentary rocks of the Lamarche Group, overlain by the
continental flood basalts, alkali basalts, and shelf sedimentary
rocks of the Povungnituk Group (Francis et al., 1983; Picard
et al., 1990). The Povungnituk Group is in turn overlain by
the Chukotat Group which consists of komatiitic basalts at the
base and mid-ocean ridge basalts (MORB) toward the top
(Francis et al., 1983; Picard et al., 1990). Nickel-sulfide de-
posits are found in two different settings in the belt known as
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FIG. 7.  Cross section of Talnakh intrusion from borehole 1799, showing
changes in principle rock types, Cu/Pd ratio, and Ni content with height.
Note how the Cu/Pd ratio in the gabbro overlying the ore deposit is lower
than the mantle ratio, indicating that the magma has segregated sulfides and
that a sulfide deposit may be present at depth.
the Raglan and Delta horizons (Giovenazzo et al., 1989). The
Raglan horizon consists of the Cross Lake, 2–3, Katinniq, and
Donaldson Ni sulfide deposits and occur at the base of ko-
matiitic basalt lava flows (Lesher et al., 1999). The Delta hori-
zon consists of the Delta, Bravo, Mequillon and Expo Ni sul-
fide occurrences. The Delta horizon is found within the
Povungnituk Group, at the base of sills and dikes of komati-
itic basalt composition. These sills and dikes are interpreted
as feeders to the overlying Chukotat Grop komatiite basalts
(Francis et al., 1983; Giovenazzo et al., 1989, Barnes et al.,
1992). In both settings the deposits are associated with silt-
stones and shales of the Povungituk Group., which consist
predominantly of siltstone and shale.
Figure 9b shows a cross section of the Katinniq deposit.
Massive and matrix sulfides occur at the base of olivine
mesocumulates generally in embayments at the base of a flow.
The sulfide-rich zones are 10 to 50 m thick, approximately
circular, and up to 200 m in diameter. The olivine mesocu-
mulates are 100 to 200 m thick and are thought to represent
the accumulation of olivine from komatiitic basalt flows. The
lower chill zone consists of pyroxenite, whereas the upper
chill margin consists of flow breccia in some places and mi-
crospinifex in other places. Lesher et al. (1999) interprets the
mesocumulates at Katinniq as accumulations of olivine from
a number of irruptions which followed lava channels through
which large amounts of magma flowed. A very similar model
has been used in many of the western Australian komatiite
deposits (e.g. Lesher et al., 1984; S.J. Barnes, in press). Green
and Dupras (1999) have taken this model even further and
suggested that all the deposits of the Raglan horizon formed
as part of a single 60-km-long lava channel.
Pechenga
The Pechenga greenstone belt is a part of the larger, dis-
continuously developed Paleoproterozoic Transfennoscan-
dian greenstone belt, which stretches over a distance of 1000
km into the Kola peninsula of Russia. The northern part of
the belt consists of clastic sedimentary rocks, alkali basalts,
and flood basalts (Kolasjoki Formation; Fig. 10a). These are
overlain by black shales, now pyrite-bearing graphitic schist,
of the Pilguarvi Formation. Intruded into and erupted on to
the black shales are ultramafic intrusions and flows. Nickel
sulfide deposits are found at the base of some of the intru-
sions and flows (Fig. 10a). Overlying the black shales are
basalts of MORB composition.
More than 226 differentiated ultramafic-mafic bodies have
been counted within the graphitic pyrite-bearing sediments
of the Pilgujärvi Formation. Twenty-five of these ultramafic
bodies contain Ni sulfide ores and 68 contain Ni sulfide oc-
currences, whereas 113 are described as “barren” (Zak et al.,
1982).
The ultramafic bodies have been dated at 1977 ± 52 Ma
(Sm-Nd and Pb/Pb on mineral separates; Hanski, 1992). The
ultramafic bodies at the west end of the belt are interpreted
to be extrusive and those in east end as intrusive (Hanski and
Smolkin, 1989; Melezhik, et al., 1994). The intrusions are re-
ferred to as gabbro-wehrlites (e.g., Smolkin, 1977), and the
flows have been termed “ferropicrites” (Hanski and Smolkin,
1989). The ferropicrite flows are weakly differentiated,
whereas the intrusions are well-differentiated gabbro-wehrlite
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FIG. 9.  a. Regional geology of the Cape Smith fold belt, showing the location of sulfide deposits and occurrences (modi-
fied after Lamothe, 1986). b. Cross section through the Katinniq deposit (modified after Gillies, 1993).
bodies. Both occur discordantly and subconcordantly in the
sulfide-bearing graphitic sediments of the Pilgujärvi Forma-
tion. In most cases the thicknesses of the ultramafic bodies
range from 5 to 250 m. An exception to this is the 466-m-thick
Pilgujärvi intrusion. Strike lengths of the ultramafic bodies
range from 100 m to 6.5 km (Zak et al., 1982). 
Figure 10b shows the Kaula deposit, which illustrates the
common features observed in the Pechenga ores. A massive
sulfide lense 1 to 10 m thick occurs at the base of the flow. The
massive sulfides have also been mobilized by cataclastic defor-
mation into the country-rock sedimentary units, and here the
sulfides occur as matrix breccia sulfides (Fig. 6f). Overlying the
massive sulfides is a 1- to 3-m-thick olivine cumulate with ma-
trix sulfides and overlying this in turn is a thicker zone (30–100
m) of olivine cumulate containing disseminated sulfide. Finally
there is a zone of ferropicrite 30 to 100 m thick at the top. 
Sudbury
The 1.85 Ga (U/Pb; Krogh et al., 1984; Corfu and Light-
foot, 1996) Sudbury Igneous Complex straddles the Archean-
Grenville contact in Ontario (Card et al., 1984; Fig. 11a).
Nickel-copper ore deposits are found at the base of the intru-
sion and are associated with the radial and ring diorite dikes
that are present around the intrusion (Fig. 11b).
There is now broad agreement that formation of the Sud-
bury Igneous Complex and many of the structures found in
the Sudbury area are the result of shock waves from the ex-
plosion of a large meteor in the atmosphere (Dietz, 1964).
The meteor is estimated to have been 10 km in diameter and
the shock waves produced a transient crater 200 km in diam-
eter (Grieve, 1994). Evidence for this model is the presence
of fall-back breccia in the center of the structure (the Onap-
ing Formation), the basin shape of the structure and up-
turned Huronian rocks around the margins (Dressler, 1984a,
b), shatter cones and shock lamellae in quartz and feldspar
(Dressler, 1984a, b; Pattison, 1979), abundant footwall brec-
cia, and a pseudotachylite (the Sudbury breccia; French,
1967; Spray, 1995).
The shock waves from the meteor explosion are thought to
have flash melted the crust to produce a large sheet of melt
with an average composition close to that of the upper crust.
This melt sheet then differentiated into the granophyre,
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FIG. 10.  a. Geology of the Pechenga mining camp (modified after Barnes et al., 2001b). b. Plan of the Kaula ore deposit
(modified after Gorbunov et al., 1985).
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FIG. 11.  a. Regional geology of Sudbury Igneous Complex (modified after Souch et al., 1969) b. Cross section of the
Strathcona mine (modified after Li et al., 1983).
which forms approximately 60 percent of the complex, and
leuconorite to norite, which form most of the remaining 40
percent of the complex (the norite is referred to as mafic
norite, and the leuconorite is referred to as felsic norite in
some publications). Around the edge of the complex are a
number of embayments that are filled with an inclusion-rich
norite which is referred to as the sublayer (Fig.11b). The in-
clusions consist of cognate xenoliths from the intrusion
(Lightfoot, 1997a), exotic ultramafic clasts (Rae, 1975), and
local country rock. In many cases the country rock adjacent to
embayments is brecciated (footwall breccia). The clasts are
angular to subrounded in a wide range of sizes. Dressler
(1984a) reported shock metamorphic deformation in the
clasts and granoblastic and granophryic textures in the matrix.
Some 50 percent of the mineral resources at Sudbury occur
in the sublayer norite or the footwall breccia that is in contact
with the sublayer. The sublayer norite contains disseminated
sulfides, e.g., the hang-wall zone of Strathcona (Fig. 11b).
Massive Ni-Cu sulfides occur toward the base of the sublayer
and in the footwall breccia (Fig. 11b). Massive sulfides also
occur in fractures immediately beneath the footwall breccia
(Deep copper zone; Fig. 11b). 
The final component of the Sudbury Igneous Complex is
the quartz diorite dikes, known as offset dikes (Grant and
Bite, 1984; Lightfoot et al., 1997a, b). These dikes are 50 to
100 m wide and extend for several kilometers into the coun-
try rocks. In many cases they follow zones of pseudotachylite
(known as the Sudbury breccia). The dikes have a composi-
tion similar to the norites of the complex and are thought to
represent injections of the differentiated impact melt into the
country rocks. Forty-five percent of the Ni-Cu sulfide ore de-
posits are associated with the Frood, Stobie, and Copper Cliff
dikes. The Ni sulfides take the form of massive sulfides both
at the center and on the margins of the dikes and occur where
the dikes widen.
Treatment of Whole-Rock Data from Ni Sulfide Deposits
Obiviously the concentrations of Ni, Cu, and PGE are im-
portant in determining the viability of a Ni sulfide deposit.
But in addition to the absolute concentrations the ratio of the
elements relative to each other and relative to sulfur are use-
ful both to determine the petrogenesis of the rocks  as well as
to aid in exploration,  Two methods used to interpret Ni, Cu,
and PGE data; normalization to mantle and normalization to
100 percent sulfides are presented below. A third method
which consists of interelement plots is presented after the
section on petrogenesis.
Normalization to mantle
Most authors present chalcophile element data on a line
graph where the metals have been divided by mantle or chon-
drite values. The order of the elements in Figure 12 is from
compatible behavior on the left side (Ni, Os, Ir) to incompat-
ible on the right side (Pd, Au, Cu). The purpose of these dia-
grams is to compare the distribution of these elements rela-
tive to each other. The choice of whether to normalize to
chondrite or mantle values depends on the specific applica-
tion of the diagram. As explained elsewhere (S-J. Barnes et
al., 1988), during separation of the earth’s core from the man-
tle, PGE partitioned preferentially into the Fe-Ni core, leav-
ing the mantle depleted in PGE relative to Ni and Cu. There-
fore, the mantle-derived magmas from which Ni deposits
form tend to be depleted in PGE relative to Ni and Cu. Con-
sequently, normalizing the data to chondrite values always
produces a trough-shaped pattern in the normalized plot. The
history of core separation is not useful in an exploration pro-
gram, and thus we recommend normalizing to mantle rather
than chondrite.
Nickel deposits are thought to form when a base metal sul-
fide liquid segregates from a silicate magma (e.g., Naldrett,
2004). The PGE have much higher partition coefficients be-
tween silicate and sulfide liquid than Ni or Cu (Table 4).
Therefore, the first sulfide liquid to segregate from a magma
will be rich in PGE and, if normalized to mantle values, will
have normalized Ni values approximately in line with Os and
Ir and normalized Pd values in line with Cu (e.g., Noril’sk;
Fig.12a).  The silicate liquid from which this sulfide liquid
segregated will be PGE depleted and any sulfide liquid that
subsequently forms from it will also have a PGE-depleted
pattern (e.g., Voisey’s Bay; Fig.12b). In order to avoid confu-
sion between depletion due to core separation and depletion
due to sulfide segregation we normalize data to mantle values
(Table 5).
Recalculation to 100 percent sulfides
On mantle-normalized diagrams, metal values can be plot-
ted as whole-rock values, but because most metals are as-
sumed to be present in the sulfide fraction, the comparison of
rocks with different sulfide contents requires recalculation of
the metal abundance to 100 percent sulfide (i.e., the metal
tenor of the sulfide). This procedure makes two assumptions:
chalcophile metals are predominately hosted by sulfides, and
S has not been added or removed from the samples by meta-
morphism or alteration. For Ni and Co in ultramafic rocks
containing low modal percent sulfide, the first assumption is
not justifiable because a substantial quantity of Ni and Co is
present in olivine, e.g., in a dunite containing 1 percent sul-
fide and 90 percent olivine, only a small fraction of the Ni in
the whole rock will be present in sulfide. Furthermore, rocks
with low sulfide content are more vulnerable to S redistribu-
tion during weathering or metamorphism because the surface
area to volume ratio of the sulfides is high. An example of this
may be the disseminated Mt. Keith sulfides, which consist of
millerite and pentlandite (Barnes and Hill, 2000). Therefore,
the composition of the sulfides should not be recalculated for
rocks containing <1 modal percent sulfides. Care should also
be taken to ensure that data are both precise and accurate, es-
pecially where recalculations are being made for rocks with
relatively low S abundances.
The logic behind the recalculation is that the sulfides rep-
resent the crystallized products of a base metal sulfide liquid
that separated from silicate magma at magmatic temperatures
(1,000°–1,199°C; Naldrett, 2004). Experimental work has
shown that the first phase to crystallize from a sulfide liquid
is an Fe-rich monosulfide solid solution (mss) and the re-
maining sulfide liquid is Ni and Cu rich (Kullerud et al., 1969;
Ebel and Naldrett, 1997; Fig. 13a, b). When the temperature
decreases sufficiently (<900°C), the Cu-rich liquid crystal-
lizes as intermediate solid solution (iss). The partition coeffi-
cient of Ni into mss is dependent on temperature and fS2 of
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the system (Li et al., 1996; Barnes et al., 1997a; Makovicky,
2002) but in most cases it is in the 0.5 to 1.5 range (Table 4).
Thus, Ni is found in both Fe- and Cu-rich ores. At tempera-
tures <600°C, mss and iss are no longer stable (Fig. 13c-f).
On the S-rich side of mss, the mss exsolves to pyrite and S-
rich mss, and on the S-poor side it exsolves to pentlandite and
S-poor mss. As the temperature decreases to <250°C the mss
is no longer stable and pyrrhotite and pentlandite replace
mss. Intermediate solid solution exsolves to form chalcopyrite
and pyrrhotite (±pyrite, cubanite, mooihookite, talnakhite;
Fig. 13d, f). During these exsolution processes, trace ele-
ments such as PGE, As, Sb, and Bi, which were originally pre-
sent in the mss and iss, are exsolved and migrate toward the
grain boundaries; these elements form PGM within and be-
tween the sulfide grains. Thus, the mineralogy observed in a
magmatic sulfide under crustal conditions is essentially
pyrrhotite, pentlandite, and chalcopyrite (±minor pyrite or
cubanite) and various PGE-bearing antimonides, bismithides,
arsenides, and tellurides. In rocks where the bulk of the
sulfides are pyrrhotite, pentlandite, and chalcopyrite, the
16 BARNES AND LIGHTFOOT
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FIG. 12.  Mantle-normalized plots for average disseminated and massive sulfides from (a) Noril’sk-Talnakh, (b) Voisey’s
Bay, (c) Cape Smith, (d) Pechenga, (e) Perseverance, and (f) Sudbury. Data sources in Table 1, and mantle normalization val-
ues in Table 5. Note that gabbronorite-hosted sulfides have steeper patterns than komatiitic- or picritic-hosted sulfides. Note
also that in general disseminated sulfides (dashed lines) contain more PGE than massive sulfides and that the massive sul-
fides (solid lines) generally have flatter patterns than disseminated sulfides.
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concentration of an element in the sulfide may be calculated
using the formula:
C(100% sul) = 
Cwr*100/(2.527*S + 0.3408*Cu + 0.4715*Ni), (1)
where C(100% sul) = concentration of an element in 100 percent
sulfides; Cwr = concentration of the element in the whole
rock; S, Cu, and Ni = concentration of these elements in the
whole rock, in wt percent. 
The validity of this calculation is very dependent on the
mineralogy of the sulfides. The presence of abundant mil-
lerite, nicolite, bornite, and violarite suggests that the assem-
blage has been altered and should not be recalculated to 100
percent sulfide. However, for sulfide assemblages containing
pyrrhotite, chalcopyrite, and pentlandite, the reliability of this
calculation can be demonstrated by comparing calculated
metal concentrations from sulfide ores with the composition
of sulfide separates. For example, the composition of the ob-
served sulfide separates from the Pechenga deposits matches
the composition of the sulfides as recalculated from whole-
rock values using equation (1) (see Table 2).
Table 2 also shows the average composition of sulfides for
several Ni mining camps and deposits. Where available, the
compositions of different textural types of sulfides are pre-
sented. However, at most localities there were very few ma-
trix sulfide samples and the composition of the matrix and
massive sulfides tend to overlap; therefore, averages are re-
ported as massive plus matrix sulfide combined. Where the
data is available, the massive and matrix sulfides may be fur-
ther subdivided into those sulfides with Pd/Ir ratios less than
disseminated sulfides and those with Pd/Ir ratios greater than
disseminated sulfides. The sulfides with Pd/Ir ratios less than
disseminated sulfides are generally Fe rich and Cu poor
(Table 2). The sulfides with Pd/Ir ratios greater than dissem-
inated sulfides are generally Fe poor and Cu rich (Table 2).
The sulfides associated with gabbronorites are much richer
in Cu (3–30 wt %) and poorer in Ni (2–10 wt %) than sulfides
associated with komatiites and picrites (0.1–2 wt % Cu; 8–12
wt % Ni). Within a particular ore deposit, Ni shows a much
smaller variation in concentration than Cu and changes by a
factor of two or less. Cobalt and Se also exhibit small varia-
tions in composition, with values of approximately 0.2 wt per-
cent and 100 ppm, respectively, being common in both gab-
bronorite- and komatiitic-hosted sulfides. There are fewer
data for As and Sb, and although they show a wide range in
concentrations (0.1–100 ppm), individual deposits tend to
exhibit more limited ranges; for example, Noril’sk has lower
values than other deposits. The precious metal (PGE, Au, and
Ag) concentrations are extremely variable; Pd concentrations
for instance vary by three orders of magnitude. However, the
precious metals do not show a preference for sulfides hosted
by a particular rock type, and both high and low values are
found in the gabbronorite- and komatiite-hosted sulfides. The
main difference between gabbronorite-hosted sulfides and
komatiitic sulfides is that komatiite-hosted sulfides are richer
in Ir group (Os, Ir, Ru, Rh) and PGE (IPGE) than gab-
bronorite-hosted sulfides. Consequently, in the mantle-nor-
malized plots, gabbronorite-hosted sulfides tend to have
steep metal normalized plots (Fig. 12a, b, f), whereas picritic
and komatiitic sulfides tend to have flatter patterns (Fig. 12c-
e). 
In most ore deposits the disseminated sulfides tend to have
elevated metal tenors when compared to the massive sulfides.
In particular, the disseminated sulfides tend to be richer in Pt,
Pd, and Au than the average massive and matrix sulfides
(Table 2; Fig. 12a-f). Breccia sulfides resemble the composi-
tions of the massive and matrix sulfides (Table 2; Fig. 14e, f).
In contrast, vein sulfides tend to be rich in Cu, Pd, and Pt
(Table 2; Fig. 14a, b). 
As mentioned above the massive and matrix sulfides vary in
composition, with an Fe-rich portion enriched in Os, Ir, Ru,
and Rh and a Cu-rich portion enriched in Pt, Pd, Au, and Ag.
As a result, the Fe-rich sulfides tend to have flatter normal-
ized metal patterns than the disseminated sulfides, whereas
the Cu-rich sulfides have steeper patterns (Fig. 14a-d).
Nickel and Co concentrations are similar to slightly higher in
the Fe-rich sulfides than the Cu-rich sulfides.
In many cases S data are not available, and in some cases
the rock has also undergone S mobility, thus normalization to
100 percent sulfides is not appropriate. In such cases, metal
ratios of whole-rock values may be used to investigate and un-
derstand the genetic relationships between different types of
sulfide mineralization and their host rocks. These will be dis-
cussed after the section on processes leading to the formation
of Ni sulfide ores.
Processes Leading to Economic Concentrations 
of Ni-Cu-PGE 
Melting
In general, the generation of mafic and ultramafic magmas
typically takes place in the asthenospheric or lithospheric
mantle, but contributions of partial or wholesale melts from
the crust can also modify the composition of these mantle-
derived magmas. The concentration of Ni, Cu, and PGE in
18 BARNES AND LIGHTFOOT
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Table 5.  Concentration of Metals in Bulk Earth, Mantle, and Crust
Ni Cu Co Os Ir Ru Rh Pt Pd Au
(ppm) (ppm) (ppm) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
Bulk earth 18220* 60* 880* 900* 900* 1300* 240* 1900* 1000* 160*
Primitive mantle 1960* 30* 105* 3.4^ 3.4^ 5^ 0.95^ 7^ 4^ 1^
Bulk crust 105+ 75+ 29+ 0.1" 0.1+ ~0.2" ~0.14" ~5" ~5" 3+
Upper continental crust 20+ 25+ 10+ ~0.02" 0.02+ ~0.04" ~0.02" ~2" ~2" 1.8+
* = McDonough and Sun (1995), ^ = Barnes and Maier (1999), + = Taylor and McLennan (1985), " = this work
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FIG. 13.  Phase diagrams for the S-Fe-Ni and S-Fe-Cu system from Kullerud et al. (1969), Naldrett (2004), and Cabri et
al. (1973), showing how the mineralogy of the system changes as temperature drops.
crustal and even in mantle rocks is very low when compared
to bulk earth (Table 5) because these elements are
siderophile (i.e., they prefer to form metals rather than ox-
ides) and thus were concentrated in the core during the early
history of the earth. Nickel ore deposits are 5 to 10 times
richer in Ni and Co than the mantle and 100 to 200 times
richer than in the crust (Table 5). The enrichment factor for
the precious metals in ore deposits is typically much larger,
approximately 1,000 times. Thus, from the point of view of
forming a Ni ore deposit, the mantle would seem to be a more
reasonable starting point than the crust. 
The concentration of an element in the magma during
batch partial melting (CL) may be calculated from equation
(2):
CL = Cs/[F + DB(1 – F)], (2)
where Cs = concentration of the element in the source, F =
degree of partial melting, and DB = the bulk partition coeffi-
cient into the residuum, ΣDiXi + DjXj, Di = partition coeffi-
cient of the element into mineral i, and X = weight fraction of
mineral i in the residuum. Using the metal contents established
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FIG. 14.  Mantle-normalized plots of different types of sulfides. The massive and matrix sulfides from (a) Noril’sk-Talnalk,
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for primary magmas (Table 6) and the degree of partial melt-
ing commonly estimated for these types of magmas, the bulk
D required for each metal to approximate abundance levels
in natural magmas can been calculated (Table 7).
The phase with the highest partition coefficient for Ni is
sulfide liquid. However, the amount of sulfide in the mantle
is very low (typically between 10–400 ppm with a mode of 200
ppm S, which is equivalent to 0.054 wt % sulfide; Lorand,
1993), so even if all of the sulfide remained in the mantle dur-
ing partial melting, the sulfide contribution to the bulk parti-
tion coefficient of Ni would be very small (~0.1) when com-
pared to the influence of olivine. Nickel has a moderate
partition coefficient into olivine (1.5–13; Table 4), but olivine
makes up about 70 wt percent of the mantle, so it is the main
phase controlling Ni. Therefore, for magma to acquire the
maximum amount of Ni, the degree of melting must be very
high and a large contribution from melting of olivine is re-
quired. High degrees of partial melting result in high Ni
contents in the magma. We can illustrate this empirically by
looking at the Ni content of primary melts (Table 6). For ex-
ample, komatiites are thought to have the highest degree of
partial melting of all primary magma and they also have the
highest Ni contents. In modeling the Ni content of primary
melts it can be shown that the bulk D for Ni in the residuum
must decrease from 10 at approximately 1 percent partial
melting to 2 at 30 percent partial melting (Table 7). Olivine is
the phase controlling the bulk D and the weight fraction of
olivine in the residuum is not decreasing. This implies that
the D for Ni into olivine decreases as the degree of partial
melting increases. This is reasonable as experimental work
shows that DNi/ol decreases as temperature rises and the MgO
content of the liquid increases (Hart and Davis, 1978).
In contrast to Ni, Cu, and Pd do not partition into olivine,
and so their abundance in melts is dominantly controlled by
sulfides (Table 4). The amount of sulfide that remains in the
mantle during partial melting is controlled by the amount of
S that the melt can dissolve. Experimental work (Wendlandt,
1982; Mavrogenes and O’Neil, 1999) indicates that at high
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TABLE 6.  Concentrations of the Metals in Primary Mantle Melts
S (ppm) Ni (ppm) Cu (ppm) Os ((ppb)) Ir (ppb) Ru (ppb) Rh (ppb) Pt (ppb) Pd (ppb) Au (ppb)
Komatiite 740 1303 71 1.8 1.6 4.7 1.3 9.8 10.3 3.3
Picrite 796 498 86 2.10 0.76 2.36 0.76 10.86 9.54 5.22
MORB 157 87 0.01 0.05 0.16 3.08 2.10 0.84
OIB 173 112 0.38 0.20 0.30 0.36 8.58 7.00 4.35
Alkali basalt 365 71 0.39 0.20 0.43 0.33 3.11 1.95 1.49
Source Crocket (2002) and references therein, plus Maier et al. (2003 a, b), see also Arndt et al. (2005)
TABLE 7.  Modeling of Partial Melting of the Mantle
Degree 1% 5% 10% 15% 20% 25% 30% 35% 40%
Calculated concentration of metals in the melt using batch melting and attempting to match values in Table 6
Ni (ppm) 202 233 274 328 400 500 833 1212 1250
Cu 87 112 114 116 99 80 67 57 50
Co 86 88 89 90 91 92 93 93 94
Os (ppb) 0.05 0.07 0.10 0.19 0.33 0.48 0.65 0.94 0.99
Ir 0.05 0.07 0.10 0.19 0.33 0.48 0.65 0.94 0.99
Ru 0.09 0.12 0.18 0.34 0.63 0.91 1.20 1.69 1.79
Rh 0.02 0.03 0.04 0.09 0.69 1.42 1.39 1.37 1.32
Pt 1.06 1.78 2.97 8.35 7.71 9.40 10.83 12.40 11.71
Pd 0.59 0.99 1.65 4.65 15.58 15.49 12.95 11.12 9.73
Au 1.81 2.88 3.80 5.37 4.75 3.89 3.27 2.81 2.46
Bulk D used to calculate the metal concentrations in the melts
Ni 10.01 9 8 7 6 5 3 2.00 2.00
Cu 0.22 0.14 0.08 0.03 0.00 0.00 0 0.00 0.00
Co 1.22 1.21 1.20 1.20 1.19 1.19 1.19 1.19 1.19
Os 66.70 52.60 38.58 21.25 12.63 9.10 7.08 5.05 5.05
Ir 66.70 52.60 38.58 21.25 12.63 9.10 7.08 5.05 5.05
Ru 54.40 42.70 31.27 17.20 9.70 7.00 5.50 4.00 4.00
Rh 41.60 32.30 23.47 12.65 1.48 0.56 0.55 0.53 0.53
Pt 6.66 4.08 2.51 0.81 0.89 0.66 0.50 0.33 0.33
Pd 6.66 4.08 2.51 0.81 0.06 0.00 0.00 0.00 0.00
Au 0.54 0.31 0.18 0.04 0.01 0.01 0.00 0.00 0.00
Weight fraction of minerals in residuum based on bulk D
Olivine 70 70 70 70 70 70 70 70 70
mss 0.041 0.033 0.02435 0.0135 0.001
Sulfide liquid 0.014 0.007 0.0035
Alloy 0.00025 0.0002 0.00015 0.0001 0.0001
pressures, mafic to ultramafic melts dissolve 500 to 1,000
ppm S. Assuming the mantle contains approximately 200 ppm
S (Lorand, 1993), a minimum of 20 to 40 percent partial melt-
ing would be required to absorb all the sulfides in the mantle
(e.g., MacLean, 1969; Barnes et al., 1985; Keays, 1995). If the
sulfide phase that remains in the mantle at lower degrees of
partial melting were sulfide liquid, then all primary basalts
would have low Cu (30–60 ppm) and negligible Pd contents
(<0.3 ppb), because the sulfide liquid would retain all the Pd
and much of the Cu. As can be seen in Table 6, most primary
mantle melts contain much higher concentrations of Cu and
Pd than this (see also Arndt et al., 2005). 
There is another reason why sulfide liquid cannot be the
only phase controlling PGE behavior in the mantle. The par-
tition coefficients for PGE between sulfide liquid and silicate
magma are similar (Table 4). Thus, if sulfide liquid were the
only phase controlling the PGE concentrations, then the ratio
of PGE in primary melts should be the same as the ratio in
the mantle, i.e., close to chondritic. However, most primary
melts have Pd/Pt, Pd/Ir, Pd/Rh, Pd/Ru, and Pd/Os greater
than mantle (Table 6). In general the bulk partition coeffi-
cient into the mantle decreases in the order Os ~ Ir > Ru >
Rh > Pt > Pd  (Barnes and Picard, 1993; Philipp et al. 2001;
Momme et al., 2002; Maier et al., 2003a, b).
Barnes et al. (2001a), Brockrath et al. (2004), and Peregoe-
dova et al. (2004) proposed a model to account for this. The
model is based on experimental work on partitioning of PGE
among sulfides at low pressure and on textural studies of
mantle nodules (Lorand and Alard, 2001), which show that
there are two types of sulfides in the mantle, Cu-rich iss that
coats grain boundaries and Fe-rich mss as grains or inclusions
in oxides and silicates. The mss is enriched in IPGE and the
Cu-rich iss is rich in Pd. Pt is not present in either sulfide and
is assumed to be present as Fe-Pt alloys. The model suggests
that the Ni-Cu–bearing mss in the mantle undergoes incon-
gruent melting to form Fe-rich mss, Cu-Pd sulfide liquid, and
Fe-Pt alloys. The Pt-alloy and Fe-rich mss retain some IPGE
and Pt in the mantle. The Cu-Pd sulfide droplets are en-
trained in the silicate melt and are carried by the silicate
magma into the crust. These sulfide droplets will dissolve in
the silicate melt as pressure drops (Mavrogenes and O’Neill,
1999), causing the PGE that were in the sulfide droplets to be
released. Palladium and Au are sufficiently soluble to dissolve
in the silicate melt, but according to the calculations of
Borisov and Palme (2000), Pt, Ru, and Ir will not dissolve and
these elements are removed from the magma as Fe-PGE al-
loys, thereby further depleting the magma in IPGE and Pt.
The weakness of the model is that it assumes that mss will
melt incongruently under mantle conditions and that sulfide
droplets could be transported from the mantle. 
Regardless, not everyone is convinced that sulfides are the
phase controlling the fractionation of PGE. Two common
phases found in the mantle, olivine and spinel, may be im-
portant. Brenan et al. (2003) has shown that Rh and Ru par-
tition into olivine, whereas Pd does not. Capobianco and
Drake (1990), Capobianco et al. (1994), and more recently
Righter et al. (2004) showed that Ru and Rh are incorporated
into spinel but Pd is not (Table 4). In both cases, by analogy
it could be argued that Os and Ir should also be accommo-
dated in olivine or spinel and hence Os, Ir, Ru, and Rh would
be compatible during partial melting. Platinum would be ex-
pected to behave in a similar manner to Pd so these minerals
will not separate Pt and Pd. Thus, in order to retain Pt in the
mantle in preference to Pd, a Fe-Pt alloy would be required.
Some reservation should be exercised in applying these ex-
periments to mantle conditions. The experiments on PGE
partitioning into spinel and olivine, carried out at an fO2 which
approximates natural conditions (FMQ ±1), were plagued
with “nugget effects.” Reproducible results were obtained at
higher fO2, but in this case the oxidation states of the metals
may be higher than that observed in natural systems. Never-
theless, a model using a Pt-Fe alloy and olivine or spinel to re-
tain the IPGE and Pt during partial melting remains possible.
Continuing with the modeling we have assumed (as dis-
cussed above) that the residuum contains a small quantity of
mss until all the S is dissolved into the silicate magma (Table
7; Fig. 15). Copper concentrations in the melt increase until
15 percent partial melting and then decrease (Fig. 15). Palla-
dium concentrations also increase from 0.5 ppb in rocks
formed at the lowest degree of partial melting to 15 ppb at 20
percent partial melting, at which point there are no sulfides
left in the mantle (Table 7; Fig. 15). Iron-rich mss concen-
trates Os, Ir, Ru, and Rh. At <20 percent partial melting all of
these metals are only present in primary melts at very low
concentrations (Table 6). These concentrations can be mod-
eled assuming mss is a residual phase. If no other phase ac-
cepted these elements, once all the sulfides are consumed at
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FIG. 15.  Model of changes in (a) metal concentrations and (b) metal ra-
tios in the magma versus the degree of partial melting, assuming the PGE
concentrations are controlled by a combination of monosulfide solid solution
(mss) and PGE alloys. Details of the modeling are shown in Table 7.
20 percent partial melting, then the concentrations should
peak at approximately 5 times primitive mantle values, fol-
lowed by a decline in a manner similar to Pd. However, at ap-
proximately 20 percent partial melting (e.g., the degree of
melting appropriate for picritic basalts), the Ir concentrations
are only one-fifth of primitive mantle, and Pt concentrations
are only 1.5 times mantle. To model this we have allowed for
a small amount of Fe alloy in the residuum. Assuming a small
quantity of alloy is present above 20 percent partial melting,
the composition of primary basalts and komatiites can be
modeled (Table 7; Fig. 15).
As outlined above, the phases controlling the PGE remain
open to debate. The model presented above used a combina-
tion of olivine, mss, sulfide liquid, and alloy. It may be that
mss is not a relevant phase and that the distribution of PGE
is controlled by a combination of spinel or olivine and alloy,
but this will not change the bulk D listed in Table 7 required
to obtain the observed metal concentrations.
The significant point of this discussion is that a high degree
of partial melting of the mantle is favorable to obtain a silicate
liquid that is rich in Ni and PGE. This liquid could subse-
quently segregate sulfides that are rich in these metals. An ad-
ditional point is that if a large deposit is to form, then a large
quantity of mantle should undergo this high degree of partial
melting. The tectonomagmatic conditions favoring this type
of melting are typically associated with mantle plume events
where large volumes of magma are generated. The stem of
plume may be the locus above which magmas are erupted or
emplaced from domains that have undergone the highest de-
grees of partial melting (Fig. 16b).
Turning to the case of the Sudbury Ni ores, the rocks of the
Sudbury Igneous Complex have an overwhelming major and
trace element signature, plus isotopic ratios, that indicates
they formed from the upper crust (e.g., Lightfoot et al.,
2001). Although a contribution of mantle-derived magma can
not be ruled out, there is no geologic evidence to indicate that
such a contribution is required (Lightfoot et al., 1997a).
Therefore, a major problem at Sudbury is to explain the asso-
ciation of the largest known concentrations of Ni ore deposits
in the world with large volumes of crustal melt. The bulk con-
tinental crust has the composition of an andesite (Taylor and
McLennan, 1985), similar in composition to quartz diorite
dikes found at Sudbury. Many authors (e.g., Golightly, 1994)
suggested that the Ni sulfides segregated from a liquid of this
composition. Assuming that the melt was similar to bulk
crust, it would have contained ~105 ppm Ni and ~ 75 ppm Cu
(Table 5). As will be outlined in the section on sulfide satura-
tion, provided there was sufficient silicate magma available,
the metals would have become enriched in the sulfide frac-
tion by a factor equal to the partition coefficient. For Ni in the
Sudbury diorite (an intermediate magma) this would have led
to an enrichment factor of 300 to 500 (Table 4), and thus the
Ni content of the sulfide liquid could potentially be 3 to 5 per-
cent, which is similar to the sulfides in the disseminated sul-
fides at Sudbury (Table 2). The important points in the melt-
ing stage are that a very large quantity of melt was produced
liberating a large amount of Ni from silicates, even though the
Ni concentration in the melt was relatively low; and, although
the temperature of the melt was very high, sulfide saturation
was achieved shortly after melt-sheet generation, and thus
there was a long time for sulfides to collect Ni from the melt
(Keays and Lightfoot, 2004; Li and Ripley, in press). 
Transport of the melt 
A key requirement to form typical Ni sulfide ore, as op-
posed to the Sudbury ores, is that melts formed in the mantle
must be efficiently transported into the crust with a minimum
degree of olivine fractionation and sulfide segregation. If
olivine were removed from the melt, the Ni content of the
melt would decrease. For example, assuming Rayleigh frac-
tionation the concentration of an element in the fractionated
liquid (Cf) may be calculated using equation (3).
Cf = Ci F(D
–1
B ), (3)
where Ci = concentration of the element in the initial liquid,
F = the weight fraction liquid remaining, and DB = bulk par-
tition coefficient as defined for equation (2). If olivine were
the only phase in the liquidus, and assuming a partition coef-
ficient for Ni between olivine and silicate melt of 4, after 5
percent crystal fractionation (F = 0.95) the Ni concentration
in the magma would be reduced by a factor of 0.85 (Fig. 17).
If the magma became saturated with base metal sulfide liquid
and this liquid were to settle out the magma, then other met-
als in addition to Ni would be depleted in the magma. For a
picritic magma, if olivine and sulfides were removed in cotec-
tic proportions, then approximately 99.1 olivine and 0.9 per-
cent sulfide liquid would be removed. The depletion factor
for Ni would rise from 0.85 (for olivine-only fractionation) to
0.77 (for olivine plus sulfide) at 5 percent fractionation, but
more importantly the depletion factors for the PGE would be
much higher because of their very high partition coefficients
into sulfides. For the PGE, the depletion factor would be be-
tween 0.0062, assuming a relatively low partition coefficient
for PGE between sulfide and silicate liquid of 10,000, and
10–9, assuming a relatively high DPGE/sul liq of 40,000. PGE are
extremely sensitive to the removal of sulfides and as little as 2
percent crystallization with sulfide in cotectic proportions
would lower the PGE contents by a factor of 0.003 to 0.13
(Fig. 17). This is thought to be the reason for the exception-
ally low PGE abundances in basaltic magmas overlying the
Cape Smith and Noril’sk deposits (Maier et al., 1998; Barnes
and Maier, 1999; Lightfoot and Keays, 2005) and the pro-
nounced depletion in the upper noritic rocks of the Sudbury
Igneous Complex (Keays and Lightfoot, 2004). The PGE de-
pletion is important because this provides a strong indication
that rocks that are genetically linked to the Ni sulfide ores
record evidence of metal depletion due to sulfide formation.
A small amount of crystallization of olivine or sulfides will
not lower the Ni content of the magma appreciably, and a
viable Ni deposit may form from this magma. However,
removal of sulfides will sharply deplete the magma in PGE
and mildly deplete it in Cu (Fig. 17). Any sulfide liquid that
forms subsequently will be depleted in PGE relative to Ni
and Cu. Prior removal of sulfides may be one of the main rea-
sons why some Ni sulfide deposits have low PGE contents
compared to others. Compare for example the disseminated
sulfide compositions at Noril’sk and Voisey’s Bay (Table 3; Fig.
12a, b). In both cases the Ni sulfide ores are hosted by mafic
rocks and their sulfides have similar Ni contents. Yet the
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Noril’sk sulfides contain two orders of magnitude more Pd
than the Voisey’s Bay sulfides (Table 3; Fig.12a, b). Likewise,
both the Cape Smith and Pechenga sulfides are hosted by ul-
tramafic flows and yet the Cape Smith sulfides are much
richer in Pd than the Pechenga sulfides (Table 3; Fig. 12d, e).
It is not only the PGE content that is different. The ratios
Ni/Ir and Cu/Pd are greater than mantle for the Pechenga
and Voisey’s Bay deposits, and consequently their mantle-nor-
malized patterns have trough shapes (Fig. 12b, e). 
Conditions favoring direct transport of the melt to the site
of emplacement will ensure that the magma arrives with the
minimum of olivine crystallization and sulfide segregation. A
plume intersecting a rift is an ideal site for emplacement since
the continental crust is thin in the rift, and the magma can ef-
ficiently travel along well-defined conduits that follow major
crustal structures. This is the type of setting proposed at No-
ril’sk-Talnakh, Cape Smith, Pechenga, and Duluth (Fig. 16c).
In the case of Voisey’s Bay, the magma was emplaced close to
the suture between the Churchill and Nain provinces. The
suture probably did not provide as easy access for the magma
as the normal faults of a rift zone, and hence the magma may
have paused en route to surface and segregated PGE-rich sul-
fides at depth (Lightfoot and Naldrett, 1999). The poor access
of magmas through the crust may explain the presence of
small PGE-depleted Ni occurrences in small intrusions of the
Grenville, Sveconorwegian, and Svecofennian provinces (S-
J.Barnes et al., 1988; Papunen, 1989). 
Factors leading to base metal sulfide liquid saturation.
Once the magma has been emplaced into the crust it must
become saturated in a base metal sulfide liquid (dominantly
FeS) in order for it to have the potential to form a Ni sulfide
deposit. It is this sulfide liquid that collects the metals. Li and
Ripley (in press) recently reviewed the published work on the
factors leading to the saturation of magmas in an Fe sulfide
liquid. In summary, the factors that affect the saturation of sil-
icate magma in Fe sulfide liquid include the following: (1) a
rise in pressure, (2) a fall in temperature, (3) a change in
magma composition (in particular a drop in Fe content or an
increase in SiO2, Na2O + K2O, or MgO), (4) an increase in fO2,
and (5) a decrease in fS2. Li and Ripley (in press) developed
an empirical equation to estimate the S concentration of a
magma saturated in sulfide liquid, 
lnXs = 1.229 – 0.74*(104/T) – 
0.021*P – 6.166*XSiO2 – 9.153*X(Na2O + K2O)
– 1.914*XMgO + 6.594*XFeO – 0.311*lnXFeO, (4)
where X = the mole fraction of an element, T = temperature
in Kelvin, P = pressure in kbars.  Li and Ripley (in press) did
not find it necessary to include terms for fO2 and fS2 because in
terrestrial mafic magmas, fO2 controls the fS2, and fO2 is in turn
controlled by FeO and temperature. Thus, by including FeO
and temperature in equation (4) the effects of changes in fO2
and fS2 are taken into account.
An important point is that S solubility decreases with in-
creased pressure (Mavrogenes and O’Neil, 1999). Thus, al-
though a primary magma might be saturated in base metal
sulfide liquid when it formed in the mantle, as the magma
rises and the pressure decreases the sulfide liquid will tend to
dissolve. For example, using equation (4) the amount of S the
Cape Smith komatiitic basalts could dissolve at 30 kbars,
would be ~1,300 ppm (assuming a liquidus temperature of
~1,500°C at 30 kbars), whereas at 1 kbar the same magma
could dissolve  ~1,800 ppm S (assuming a liquidus tempera-
ture of 1,370°C). Therefore, in a closed system approximately
40 percent crystal fractionation would be required before the
magmas would become saturated in sulfide liquid. Fractiona-
tion of 40 wt percent olivine would reduce the Ni content of
the magma by ~0.2 (i.e., from ~500–100 ppm) and hence very
little Ni would be available to form a Ni sulfide.
Thus, in order to bring about sulfide saturation of primary
magmas, some process is required, such as cooling of the
magma or change in composition of the magma. In a crystal-
lizing magma the solubility of S should decrease as the tem-
perature decreases. However, in the early stages of crystal-
lization of an ultramafic magma, this decrease in S solubility
may be offset by changes in the magma composition. If there
is an increase in the FeO content of the silicate liquid, the S
solubility of the magma may increase. In contrast, in the later
stages, Fe-rich silicates and oxides crystallize and the Fe con-
tent of the magma will decrease, resulting in a decrease in S
solubility; in this case a sulfide liquid may form in association
with the oxide. This will not lead to a Ni sulfide deposit be-
cause the magma would be depleted in Ni by the time sulfide
saturation is achieved. 
A mechanism commonly proposed to achieve saturation is
assimilation of crustal rocks by the primary magma (e.g., Gri-
nenko, 1985; Theriault and Barnes, 1998; Lesher and Burn-
ham, 2001; Ripley and Li, 2003). The common association of
the S-bearing crustal rocks with Ni sulfide deposits suggests
that the former are important to the formation of the
FORMATION OF MAGMATIC NICKEL SULFIDE ORE DEPOSITS 25
0361-0128/98/000/000-00 $6.00 25
D=4, Ni
D=6, Ni
D=14, Cu
D=100, PGE
D=400, PGE
0
0 0.01 0.02 0.03 0.04 0.05
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Degree of fractionation
C
i/C
f
FIG. 17.  Model of changes in metal concentrations in a silicate melt dur-
ing crystal fractionation. Two curves are shown for Ni, one assuming no sul-
fide extraction (D = 4), and one assuming that olivine and sulfides have been
extracted from the melt in approximately cotectic proportions (D = 6). Note
the addition of sulfide extraction does not change the Ni content in the melt
significantly. Two possible curves are shown for PGE, one assuming the
DPGE/sul is 10,000 (bulk D = 100), and one assuming DPGE/sul = 40,000 (bulk
D = 400). Note that even a small amount of sulfide extraction dramatically
lowers the PGE content of the melt.
deposits. This is further supported by the S isotope composi-
tion of the ores that indicate the S was derived largely from
the country rock (e.g., Noril’sk and Pechenga; Fig. 18). As-
similation of these types of crustal rocks will lower the tem-
perature of the magma and increase the S concentrations,
thus bringing about S saturation. In the Duluth Complex
there are convincing examples of in situ assimilation of black
shale, leading to local sulfide saturation (Ripley and Al-Jassar,
1987; Theriault and Barnes, 1998). The mechanism for this
assimilation appears to have involved stoping of country rock
to become xenoliths in the magma chamber (Fig. 16c). These
xenoliths are subsequently heated by magma, causing partial
melting, formation of granitic melt, and release of S to the
mafic melt. In addition to lowering the temperature of the
magma and adding S, mixing of the granitic melt into the
basaltic magma would lower the FeO and raise the SiO2,
Na2O, and K2 O content of the melt, thus aiding sulfide satu-
ration (see eq. 4).
It has also been suggested that in some cases S could be
transported to the magma from the country rock to the
magma as a gas (Barnes et al., 1997b; Ripley, 1981; Grinenko,
1985). Baker et al. (2001) have shown experimentally that S
will migrate through graphite to an S-undersaturated basalt.
At present it is not clear whether this occurs in natural sys-
tems; however, Grinenko (1985) strongly favored S transfer
by a gas phase during formation of the Noril’sk-Talakh ores.
Sulfur-rich sedimentary rocks are not always present in the
immediate country rocks of a Ni sulfide deposit. For example,
the Eastern Deeps and Ovoid Ni sulfides ores at Voisey’s Bay
occur in orthogneiss and granite. Ripley et al. (2002b) used O
and S isotope data to suggest that the S in the deposits was de-
rived from both the paragneiss that is located at the west end
of the deposit and the orthogneiss at the eastern end of the
deposit (Fig. 8b).
Collection of metals by sulfides
Campbell and Naldrett (1979) showed that in a closed sys-
tem the concentration of a metal in a sulfide liquid (CS) is
controlled by the concentration of the metal in the silicate liq-
uid (CL), the partition coefficient between the sulfide and sil-
icate liquids (D), and the volume of silicate magma from
which the sulfide collects the metal, expressed as R (ratio of
silicate to sulfide liquid).
CS = CLD(R + 1)/(R + D). (5)
Brügmann et al. (1993) suggested that in many cases, such
as where sulfide droplets sink through a magma column or
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FIG. 18.  S isotope compositions for Noril’sk-Talnakh (Grinenko, 1985) and
Pechenga (Barnes et al., 2001b) Ni sulfide ores. The Noril’sk-Talnakh ores
are enriched in 34S relative to mantle-derived rocks, which have δ34S values
close to zero per mil. The 34S is believed to have been contributed to the
magma from anhydrite in the country rocks, with δ34S values of 20 per mil.
The sulfides associated with intrusions from Pechenga are also enriched in
34S, with most δ34S values in the 3 to 6 per mil range. The 34S is believed to
have been derived from the diagenetic sulfides in black shales of the country
rock. The sulfides from flows that erupted onto unconsolidated black shales
at Pechenga have low δ34S values, similar to mantle values. The synsedimen-
tary sulfides of the black shales have δ34S values close to zero per mil, and
thus the Ni sulfides do not have a distinctive crustal signature.
where the silicate magma is replenished, a variation of the
zone-refining equation would be more appropriate to model
the sulfide composition,
CS = Cl(D – (D – 1)e–(1/DN), (6)
where N = number of volumes of magma with which the sul-
fide liquid interacted.
The qualitative results are similar using either equation (5)
or (6). As originally pointed out by Campbell and Barnes
(1984), when R or N is greater than 10 times D, the enrich-
ment factor (CS/CL) in the sulfides approaches D and where
R is less than 10 times D, the enrichment factor is approxi-
mately R (Fig. 19). The partition coefficient of Ni between
silicate and sulfide liquid varies from 100 for komatiitic liq-
uids to 300 for basaltic liquids. Thus, in komatiites an R or N
factor of 1,000 is required to achieve maximum Ni enrich-
ment, and an R or N factor of 3,000 is needed to achieve max-
imum Ni enrichment in basaltic systems.
The difference in the partition coefficient of Pd and Cu
into a sulfide liquid may be used to deduce the volume of
magma from which a sulfide segregated (Barnes et al., 1993).
Assuming a partition coefficient for Cu of 1,000 and for Pd of
30,000, for R < 100, Cu and Pd will be enriched in the liquid
equally and the Cu/Pd ratio will be the same in the silicate
and sulfide liquid (Fig. 19). For R > 100, Pd will be enriched
more than Cu, and the mantle-normalized metal patterns will
show an enrichment in Pd relative to Cu (e.g., Noril’sk;
Fig.12a).
In order to make PGE-rich sulfide, the sulfide liquid must
interact with a very large volume of silicate magma. As men-
tioned above, maximum Ni enrichment is achieved at R fac-
tors of 1,000 to 3,000, in contrast to maximum PGE enrich-
ments that require R factors of >10,000. In order to achieve
the degree of enrichment observed in the Noril’sk dissemi-
nated sulfides, an R factor of 1,000 to 10,000 would be re-
quired (Fig. 20). This implies an extremely dynamic system.
In the case of Noril’sk-Talnakh, the intrusions that contained
the sulfides can be thought of as conduits through which
many pulses of magma may have been transported. In the
case of komatiite ores such as Kambalda, it has been argued
that the sulfide droplets were transported by the komatiite
flow and during transport the suspended sulfide droplets in-
teracted with a large volume of silicate magma to enrich the
sulfides in Ni and PGE (e.g., Lesher and Keays, 2002, and
references therein). Rice and Moore (2001) presented an el-
egant model to show how sulfide droplets could be kept in
suspension above an embayment in the footwall by the tur-
bulence created in the komatiite magma, due to an uneven
footwall topography (Fig. 21). For the Voisey’s Bay deposits,
Li and Naldrett (1999) and Lightfoot and Naldrett (1999) ar-
gued that after the sulfides formed at a deeper level, the sul-
fide droplets were transported through the dike to Eastern
Deeps, and in the process the sulfides interacted with a large
volume of magma. 
Collection of sulfides: 
Structural traps in which sulfides accumulate 
To form a reasonable concentration of sulfides, a process is
required whereby the sulfide droplets collect together and ac-
cumulate to form massive or matrix sulfides. If they do not
collect together, then a large volume of rock containing dis-
seminated sulfides may form, but the grade may not be suffi-
cient to form an ore deposit. An example where this may have
occurred is at the margins of the Duluth Complex, where
many rocks host disseminated sulfides containing 1 to 10 wt
percent Ni, with a consequent subeconomic bulk grade of
<0.5 wt percent Ni. 
In the case of most Ni sulfide deposits, the massive and ma-
trix sulfides occur toward the base of the flows or intrusions
that host them or in veins in the immediate footwall. More-
over, in many cases the massive ores are found in association
with embayments in the footwall (e.g., massive sulfides of the
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(based on Rice and Moore, 2001). 
Talnalk intrusions; Fig. 4b). This may be explained if the sili-
cate magma transporting sulfide droplets rises on the down-
stream side of the embayment, slows, and is therefore no
longer capable of carrying the sulfide droplets, which then
collect on the lee side of the embayment (Fig. 16e). At Sud-
bury, the largest Ni sulfide contact ores occur in embayments
where the overlying norites of the complex are thickest
(Lightfoot et al., 2001). The embayments are thought to rep-
resent topographic lows in the crater floor (Golightly, 1994).
The accumulation of sulfides is related to the downward mi-
gration of dense sulfide liquid along the axis of the embay-
ment and down the flanking walls (Lightfoot et al., 2001).
Another place where sulfide liquid can collect is where the
feeder conduit enters an intrusion. When the magma enters
the chamber through a narrow feeder it will slow down as it
spreads into the chamber and thus may not be capable of car-
rying the sulfide droplets. The Eastern Deeps deposit and
possibly the Ovoid deposit at Voisey’s Bay (Fig. 8b, c) are ex-
amples of this process (Naldrett et al., 1996b). Other exam-
ples are the offset dikes at Sudbury, where the location of ore-
bodies in the dikes correlates with the wider parts of the dike,
e.g., the Worthington offset dike (Lightfoot and Farrow,
2002). All of these examples serve to illustrate the important
point that structural traps, where the flow velocity of magma
was reduced, are important sites for collection of sulfides. 
Fractionation of sulfide liquid
Many massive and matrix sulfides have lower metal tenors
than associated disseminated sulfide ores (e.g., Cape Smith,
Voisey’s Bay, Sudbury; Table 3, Fig. 12b, c, f). This can be ex-
plained if the disseminated sulfides represent sulfide droplets
that did not settle out of the magma and were therefore able
to interact with the magma for a longer time, i.e., they inter-
acted with a larger volume of magma than the massive and
matrix ores. Thus, the disseminated sulfides had a higher R or
N factor and became more enriched in Ni and PGE. Assum-
ing a Pd content of the silicate magma of ~10 ppb at Cape
Smith (Barnes and Picard, 1993) and applying equation (5),
the disseminated sulfides would require an R factor of 1,000,
while the massive and matrix sulfides would require an R fac-
tor of 330.
In addition to the metal abundance, metal ratios also vary
with sulfide type. In general, the average massive ores have
lower Pd/Ir ratios than the disseminated sulfides (Table 3,
Fig. 12), and massive and matrix sulfides show a wider range
of Ni/Cu and Pd/Ir ratios than disseminated sulfides. This is
thought to be the result of crystal fractionation of Fe-rich mss
from the sulfide liquid (Fig. 16f; Barnes et al., 1997a). The
first phase to crystallize from a base metal sulfide liquid at
~1,199°C is Fe-rich mss (Kullerud et al., 1969). Nickel is
moderately incompatible with mss at temperatures greater
than 1,150°C (D Nimss = 0.4–0.6), and Cu is strongly incompati-
ble (D Nimss ~0.23; Table 4). Palladium and Pt are also incom-
patible with the mss, whereas Os, Ir, Ru, and Rh are strongly
compatible (Table 4). Thus, the sulfides that form from ko-
matiites crystallize into Fe-rich mss enriched in IPGE and
the fractionated sulfide liquid becomes rich in Ni, Cu, Pt, and
Pd. An example of this is the komatiite-hosted sulfides at
Alexo, Ontario, where the massive sulfides (mss cumulate)
are richer in IPGE and poorer in Ni than the matrix sulfides
(fractionated sulfide liquid; Barnes et al., 1997b). At
<1,000°C Ni is moderately compatible with mss (D Nimss =
1–1.5), and thus in gabbro-hosted sulfides the sulfide liquid
forms an mss cumulate rich in IPGE and a Cu-rich liquid rich
in Pt and Pd, as noted in the Oktabr’sky deposit at Noril’sk
(Barnes et al., 1997a).
For those cases where the data are available, the massive
and matrix ores have been divided into those with Pd/Ir ratios
less than the disseminated sulfides and those with Pd/Ir ratios
greater than disseminated sulfides (Table 3, Fig. 14a-d).
Comparison of the two shows that IPGE are enriched in the
Fe-rich mss, whereas Cu, Au, Pt, and Ag are strongly de-
pleted, implying very low partition coefficients into Fe-rich
mss. Selenium is slightly lower in the Fe-rich mss sulfide, im-
plying that it is slightly incompatible. Cobalt shows a similar
behavior to Ni, being slightly enriched in Fe-rich mss sulfides
in the gabbro-hosted sulfides and slightly depleted in the ko-
matiite- or picrite-hosted sulfides. The partition coefficient
for Co into mss may also be controlled by temperature. Zien-
tek et al. (1994) showed that at Noril’sk-Talnakh, As, Bi Cd,
Pb, Sb, Te, and Tl tend to be concentrated in the Cu-rich sul-
fides. Theriault and Barnes (1998) made a similar observation
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FIG. 21.  Cu/Pd vs. Cu for Noril’sk (modified from Barnes and Maier, 1999). Circles = silicate rocks within the intrusions,
crosses = lavas above the intrusions, triangles = disseminated and matrix ores. The solid lines represent tie lines between the
silicate liquid composition (represented by the lavas) and sulfides formed in equilibrium with the lavas at R factors of 100,
1,000, and 10,000. The solid dots represent the composition of a rock that contains a mixture of 1, 10, or 100 percent sul-
fides. Most of the Noril’sk sulfides plot in the vicinity of R factors of 1,000 to 10,000. The dashed lines represent models of
the silicate liquid composition as sulfide liquid is removed in cotectic proportions. Many of the silicate rocks overlying the
sulfide ores plot in this depleted field. 
for As and Sb at the Duluth Complex, suggesting that As and
Sb are not included in mss. At the Cape Smith and Pechenga
deposits, which have undergone metamorphism, As and Sb
values are erratic, and hence we assume these elements have
been mobilized.
Injection into veins
The Cu-rich sulfides are economically significant because
they contain high concentrations of the precious metals, Pt,
Pd, Ag, and Au. A Cu-rich liquid does not completely solidify
until the temperature decreases to below 900°C. In both the
case of a komatiite and a gabbroidal host, the silicate rocks
would be expected to reach their solidus above this tempera-
ture. Thus, the Cu-rich sulfide liquid could have migrated
along the contact between the country rock and the now-solid
komatiite or mafic intrusions. Moreover, if deformation oc-
curs before the Cu-rich sulfide liquid solidifies, the liquid
could migrate into dilatant structures in the footwall (Fig.
16g). In these cases the veins should contain material that
represents fractionated sulfide liquid. The vein material at
Noril’sk and Cape Smith, which is rich in the elements in-
compatible with mss (Cu, Pd, Pt, Ag, As, Sb) and depleted in
elements compatible with mss (IPGE), probably represents
Cu-rich fractionated liquid.
In the case of Sudbury, Cu-rich veins are particularly im-
portant, as the meteor impact would have produced large
fractures in the crust into which the Cu-rich sulfide liquid
could have migrated over long distances (e.g., Li et al., 1983;
Naldrett et al., 1999). However, not all authors agree that the
Cu-rich sulfide veins at Sudbury represent Cu-rich sulfide
liquid. It has been suggested that a contrast in temperature
and composition between the Sudbury Igneous Complex and
the country rocks triggered the establishment of large hy-
drothermal cells in the footwall of the complex that resulted
in the deposition of the Cu-PGE sulfide veins (e.g., Molnar et
al., 1997; Farrow and Watkinson, 1999). Alkali- and halogen-
rich fluid inclusions have been found in the sulfides (Jago et
al., 1994) and in the minerals associated with the veins (Mol-
nar et al., 1997). Jago et al. (1994) suggested that the mag-
matic sulfide liquid contained a small amount of halogens and
water which originated from the silicate magma. During mss
fractionation the halogens and water concentrated into the
sulfide liquid and eventually exsolved to form the halogen-
rich fluid inclusions now found in the sulfides. This interpre-
tation is supported by the experimental work of Mungall and
Brenan (2003), who showed that Cl, Br, and I are incompati-
ble with mss and concentrate in the Cu-rich sulfide liquid.
However, Farrow and Watkinson (1999) suggested that the
fluids have actually remobilized the metals.
Structural disturbances and metamorphism
The presence of massive sulfides at the base of komatiite
flows, or a gabbro sill, represents an incompetent zone with
competent silicate rocks on either side of it. When this mate-
rial is deformed, the deformation will tend to concentrate in
the massive sulfides. Thus, the sulfides will deform and flow
plastically, but the silicate rocks cannot flow and at the edges
of the massive sulfides the silicate rocks will be broken up to
form breccia clasts (Figs. 11h, 16h). These clasts could come
from either the underlying country rock or the overlying host.
At Pechenga (Barnes et al., 2001b), the sulfides in the breccia
matrix have slightly lower concentrations of most metals than
the massive ore but a slightly higher As content. The reason
for this is believed to be the presence of ~20 percent sulfide
derived from sedimentary fragments in the breccia. The sed-
imentary sulfides contain very low metal contents and thus di-
lute the metal concentrations. The only chalcophile element
that is present in the sedimentary rocks at high concentra-
tions is As.
Metamorphism can be important in upgrading the Ni con-
tent of the sulfides. It is particularly relevant in the case of the
Western Australia komatiite-hosted deposits (Barnes and
Hill, 2000). 
Ratio Plots: Application to Exploration
Plots that show the ratios of the metals in ores and rocks
offer a useful approach to not only understand the petroge-
netic relationships but also provide an indication of the po-
tential for the discovery of hidden orebodies. In many explo-
ration programs only Ni, Cu, Pd, and Pt data are available and
thus the data cannot be recalculated and expressed as sulfide
metal tenors. Even with a limited data set, however, much can
be said about the origin of the sulfides based on the variations
in Cu/Pd versus Pd. This approach is illustrated for the No-
ril’sk data (Fig. 20). The initial silicate magma, represented by
the basalts (plus symbols, Fig. 20) had approximate mantle ra-
tios for Cu/Pd and contains approximately 10 ppb Pd, indi-
cating that the magma was fertile with respect to Cu and
PGE. When a sulfide liquid segregates from a silicate liquid
of this composition, the Cu/Pd ratio of the sulfide liquid will
depend on the R factor, with low R-factor sulfides having
Cu/Pd ratios similar to the silicate liquid, and sulfides with R
factors >1,000 having Cu/Pd ratios less than mantle values.
Tie lines have been drawn between the composition of the
sulfide liquid at R = 100, 1,000, 10,000 and the basalt (Fig.
20). The disseminated sulfide samples from the Talnakh and
Kharaelakh intrusions (open triangles, Fig. 20) plot close to
the R = 1,000 line and can be modeled as a mixture of basalt
and 1 to 30 percent sulfide liquids formed at approximately
this R factor (Fig. 20). The samples from the Noril’sk I intru-
sion (solid triangles) have lower Cu/Pd ratios and plot along
the R = 10,000 mixing line, indicating a more dynamic set-
ting. Massive sulfides could also be plotted in this diagram.
The fractionation of mss does not change Cu/Pd ratios signif-
icantly (because Cu and Pd have similar partition coefficients
into mss), and thus it is possible to deduce whether massive
sulfide samples formed from depleted or fertile magma and
estimate the R factor. However, the amount of sulfides pre-
sent is not easily estimated from the tie lines because the Pd
content of the sulfide fraction may have been changed by mss
fractionation, with the Pd content of the mss cumulate being
diluted and the Pd content of Cu-rich liquid increased.
Interestingly, many of the rocks from the upper portions of
intrusions have Cu/Pd ratios greater than the mantle (open
circles) and plot along curves that indicate that sulfides have
been removed from the liquid (Figs. 7, 20). In an exploration
program this type of signature is useful since it indicates the
presence of sulfides stratigraphically below the depleted hori-
zon or upstream from it, and this observation should encour-
age exploration to focus on targets in these directions. More
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specific details on the application of Cu/Pd plots are given in
Barnes et al. (1993) and Barnes and Maier (1999).
Plots of Ni/Cu versus Pd/Ir and Ni/Pd versus Cu/Ir can also
be very useful in interpreting the relationship between sul-
fides and the host rocks. This point is illustrated by the flood
basalt-associated Oktyabr’sky of Noril’sk-Talnakh, the komati-
ite-associated deposit at Perseverance, Western Australia, and
the Eastern Deeps deposits associated with the Voisey’s Bay
troctolites. In the Ni/Cu versus Pd/Ir plot (Fig. 22a), the av-
erages of rocks containing disseminated sulfides plot in the
field of the host-rock type (open triangle = flood basalt of No-
ril’sk, open square = high Mg basalt of Voisey’s Bay, open cir-
cle = komatiite of Perseverance).
The average composition of the massive sulfides plots at
lower Pd/Ir ratios and higher Ni/Cu ratios than the dissemi-
nated sulfides at Voisey’s Bay and Perseverance (solid square
vs. open square and solid circle vs. open circle, respectively),
possibly because the massive sulfides consist largely of Fe-
rich mss cumulates. Inspection of the data in Table 2, plus
data from the literature, indicate that this is generally the
case; the average of the massive sulfides has a higher Ni/Cu
ratio and lower Pd/Ir ratio than the average composition of
disseminated sulfides. An exception to this observation is the
Oktabr’sky deposit at Noril’sk, where the average massive sul-
fides have very similar compositions to the disseminated sul-
fide (Table 2) but have slightly lower Ni/Cu ratios and slightly
higher Pd/Ir ratios than the disseminated sulfides (solid trian-
gle vs. open triangle, Fig. 22a). This is probably because the
Oktabr’sky massive sulfide crystallized in situ and the Cu-rich
fractionated liquid is still part of the deposit.
The massive and matrix sulfides have been divided into those
with Pd/Ir > disseminated sulfides and those with Pd/Ir < dis-
seminated sulfides (Table 2). Massive and matrix sulfides with
Pd/Ir < disseminated sulfides are Fe rich and plot along the mss
accumulation vector (inverted solid triangle, Fig. 22a), while
those with Pd/Ir > disseminated sulfide are Cu-rich sulfides and
plot along mss removal trends (inverted open triangle, Fig. 22a).
In the Ni/Cu versus Pd/Ir plot (Fig. 22a) the effect of sulfide liq-
uid segregation is muted because sulfide liquid does not frac-
tionate Pd from Ir and only slightly fractionates Ni from Cu.
To understand the effect of sulfide liquid separation, the
Ni/Pd versus Cu/Ir variations must be examined (Fig. 22b).
Removal of sulfide liquid from silicate magma will deplete
the magma in PGE more than Cu and Ni (Fig. 12). Any sul-
fides that form subsequently from this depleted silicate
magma will have very high Ni/Pd and Cu/Ir ratios. The
Voisey’s Bay sulfides appear to be of this type as they plot well
above the field of primary magmas (squares, Fig. 22b). The
depleted nature of the Voisey’s Bay sulfides suggests either
that there are some more PGE-rich sulfides at depth or that
the magma was produced at a sufficiently low degree of par-
tial melting for some sulfides to have remained in the mantle.
The Perseverance and Oktabr’sky sulfides (circles and trian-
gles, respectively) plot in the field of komatiites and flood
basalts, respectively, indicating that the magma from which
they formed was not depleted in PGE.
Summary and Implications for Exploration
The value of a significant Ni-Cu-PGE discovery can exceed
several billion US dollars. Thus, there is an enormous impetus
to refine exploration models and develop methods that can be
added to the toolbox of exploration geologists. Of key impor-
tance in a grassroots setting are criteria that can be used ef-
fectively to distinguish terranes with the potential to host sig-
nificant deposits versus those which do not warrant serious
consideration. However, there is a grave danger in excluding
terranes. Before the discovery of Voisey’s Bay the idea of a
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FIG. 22.  Ratio plots of (a) Ni/Cu vs. Pd/Ir, and (b) Ni/Pd vs. Cu/Ir (modi-
fied after S.J. Barnes et al., 1988) for common rock types. a. The Persever-
ance sulfides hosted in komatiites (circles) plot in the komatiite field, Voisey’s
Bay sulfides (squares) plot in the high Mg basalt field, the Noril’sk dissemi-
nated and massive sulfides (triangles) plot in the flood basalt field. The No-
ril’sk Cu-rich sulfides (inverted triangle open) and veins (+) plot in the vein
field. In general, massive sulfides (solid symbols) have higher Ni/Cu ratios
and lower Pd/Ir ratios than the disseminated sulfides, due to mss accumula-
tion. Cu-rich sulfides have higher Pd/Ir and lower Ni/Cu ratios, due to mss
removal. b. The effect of sulfide segregation is visible. Sulfides in equilibrium
with magmas that have previously segregated sulfides (such as the Voisey’s
Bay sulfides; squares) have higher Ni/Pd and Cu/Ir ratios than the primary
magmas. In contrast, sulfides such as from Noril’sk formed at high R factors
and have similar Ni/Pd and Cu/Ir ratios to those of primary magmas.
significant Ni sulfide ore deposit associated with an
anorthosite suite would have seemed unlikely. Furthermore,
if we imagine that Sudbury had not been discovered, the idea
of searching for large meteor impact craters to find the
world’s largest Ni sulfide ore deposit would not seem rational.
This is to say that the formation of each Ni mining camp ap-
pears to have unique features.  Nevertheless, most of the Ni
sulfide mining camps and ore deposits show some common
features that may be used as guide lines for exploration, as
summarized below.
Large volumes of mafic or ultramafic rocks are present.
These are normally tholeiitic, picritic, or komatiitic in compo-
sition and thought to be derived from a mantle plume. The
Sudbury Igneous Complex is an exception in terms of its com-
position, as it was derived from the crust and therefore has a
calc-alkali composition.
The deposits are close to crust-penetrating structures.
These faults allow for efficient transport of the magma
through crust. Magma must be transferred to the crust with
minimal fractionation of olivine or segregation of sulfide liq-
uid. Rifts and province boundaries contain structures of this
type. The key coincidence of these structures with mantle-
plume events appears to be important in the transportation of
primitive magmas.
Sulfur-bearing sediments, in the form of black shales,
paragneiss, or evaporites are present in the vicinity of most
deposits. The assimilation of these sediments appears to bring
about sulfide saturation of the magmas. Rift environments
commonly contain sedimentary rocks and offer a source of
crustal S that is readily digested along well-bedded strati-
graphic horizons that are invaded by the mafic magma.
At the margins of many deposits a zone of sulfide-bearing
variable-textured rocks or magmatic breccias are present.
These are interpreted as evidence of multiple magma injec-
tion and of the transport and redeposition of the sulfides.
During transport the sulfide droplets could equilibrate with a
large volume of turbulent magma, thus enriching the liquid
sulfide in metals.
Magmas that have had sulfide liquid segregated from them
are depleted in PGE relative to Ni and Cu. Thus, the rocks
overlying Ni sulfide deposits are PGE depleted and have
Cu/Pd and Ni/Ir ratios less than mantle values. The same ob-
servation should apply to rocks downstream of a Ni sulfide
deposit formed in a magma flow.
Massive and matrix sulfides are found at the base of intru-
sions and flows. In some cases they are in footwall embay-
ments, in others cases they are located where the feeder dike
enters the chamber or where a dike widens. All of these sites
represent places where the magma flow slowed and thus
could not continue to carry the dense sulfide droplets. 
In most cases the massive and matrix Ni sulfide ore is zoned
with respect to Cu, Au, and PGE concentrations. The Cu-rich
zones are enriched in Au, Pd, and Pt, the Cu-poor zones are
enriched in Os, Ir, Ru, and Rh. Nickel and Co concentrations
are approximately the same in both types of ore. The Cu-rich
zones are found either in footwall dikes and veins or overly-
ing the Cu-poor zones. The Cu-rich veins and dikes are pre-
sent up to >2 km away from some intrusions. The composi-
tional zonation is thought to be the product of mss
fractionation from the sulfide liquid.
Massive sulfides are incompetent and stress concentrates at
their locations during deformation. Thus, the massive sulfides
may be displaced away from their hosts for over 1 km. There-
fore, in deformed terranes, the country rock around sulfide-
bearing ultramafic or mafic bodies should also be investigated
for massive and breccia ore. 
The tenor of disseminated sulfides may be significantly up-
graded during metamorphism if olivine is destroyed, thereby
releasing Ni to the sulfides. Thus, disseminated sulfides in
metamorphosed rocks may be exploitable, whereas few dis-
seminated sulfides in fresh rocks are sufficiently rich in Ni to
justify mining. 
All of these processes have contributed to different extents
in different Ni sulfide deposits. What remains remarkable on
a global scale is the observation that giant Ni-Cu-PGE sulfide
deposits can be produced by mechanisms as varied as mete-
orite impact, anorthosite magmatism, komatiite flow, and the
emplacement of intrusions linked to large igneous provinces.
This paper has examined some of the relationships that are
common to all of these deposit types, and we hope that future
studies will help to advance our understanding of how these
deposits form and what can be done to help locate the next
major discovery.
Acknowledgments
This work represents the distillation of many projects
funded in large part by the Natural Sciences and Engineer-
ing Research Council of Canada over the past 16 years. The
continuity of this support has been essential to the develop-
ment of SJB’s research program. In addition, in most of
these projects local expertise and finance were provided by,
among others, Geologie Quebec, the Minnesota Geological
Survey, the Norwegian Geological Survey, and the United
States Geological Survey. Mike Zientek (U.S. Geological
Survey) is thanked for his assistance with grade and tonnage
figures, as well as Inco Exploration for allowing PCL to con-
tribute to the paper. We also thank all those members of the
IGCP projects who organized and participated in confer-
ences and field trips to the world’s Ni and PGE deposits;
seeing these deposits and discussions with colleagues on
these occasions greatly helped to clarify our ideas. Melehik,
Nabil, and Zientek are thanked for providing photographs of
the Pechenga, Lac Volant, and Noril’sk sulfides. Finally, we
thank the reviewers A. J. Naldrett, J. Mungall, and the edi-
tors of this special volume for their efforts to improve the
manuscript.
REFERENCES
Amelin, Y., Li, C., and Naldrett, A.J., 1999, Geochronology of the Voisey’s
Bay intrusion, Labrador, Canada, by precise U-Pb dating of coexisting bad-
deleyite, zircon and apatite: Lithos, v. 47, p. 33–51.
Arndt, N., Lesher, M., and Czamanske, G., 2005, Mafic-ultramafic magmas
and their relationship to ore formation: ECONOMIC GEOLOGY 100TH AN-
NIVERSARY VOLUME, p. 000.
Baker, D., Barnes, S.-J., Simon, G., and Bernier, F., 2001, Transport of met-
als in sulfuric fluid: Canadian Mineralogist, v. 39, p. 537–546.
Ballhaus, C., Tredoux, M., and Spath, A., 2001, Phase relations in the Fe-Ni-
Cu-PGE-S system at magmatic temperature and application to massive sul-
phide ores of the Sudbury Igneous Complex: Journal of Petrology, v. 42, p.
1911–1926.
Barnes, S.-J., and Maier, W.D., 1999, The fractionation of Ni, Cu, and the
noble metals in silicate and sulphide liquids: Geological Association of
Canada Short Course Notes, v. 13, p. 69–106.
FORMATION OF MAGMATIC NICKEL SULFIDE ORE DEPOSITS 31
0361-0128/98/000/000-00 $6.00 31
Barnes, S.-J., and Picard, C.P., 1993, The behaviour of platinum group ele-
ments during partial melting, crystal fractionation and sulphide segrega-
tion: An example from the Cape Smith fold belt, northern Quebec:
Geochimica et Cosmochimica Acta, v. 57, p. 79–87.
Barnes, S.-J, Naldrett, A.J., and Gorton, M.P., 1985, The origin of the frac-
tionation of the platinum group elements in terrestrial magmas: Chemical
Geology, v. 53, p. 303–323.
Barnes, S.-J., Boyd, R., Korneliussen, A., Nilsson, L.-P., Often, M., Pedersen,
R.B., and Robins, B., 1988, The use of mantle normalization and metal ra-
tios in discriminating between the effects of partial melting, crustal frac-
tionation and sulphide segregation on platinum group elements, gold,
nickel and copper: Examples from Norway, in Prichard, H.M, Potts, P.J.,
Bowles, J.F.W., and Cribbs, S.J., eds., Geoplatinum-87: London, Elsevier,
Applied Science, p. 113–143.
Barnes, S.-J., Picard, C.P., Giovenazzo, D., and Tremblay, C., 1992, The com-
position of nickel-copper sulfide deposits and their host rocks from the
Cape Smith fold belt, northern Quebec: Australian Journal of Earth Sci-
ences, v. 39, p. 335–347.
Barnes, S.-J., Couture, J.-F., Sawyer, E.W., and Bouchaib, C., 1993, Nickel-
copper sulfide occurences in Belleterre-Angliers belt of the Pontiac sub-
province and the use of Cu/Pd ratios in interpreting platinum group ele-
ment distributions: ECONOMIC GEOLOGY, v. 88, p. 1402–1418.
Barnes, S.-J., Makovicky, E., Makovicky, M., Rose-Hansen, J., and Karup-
Moller, S., 1997a, Partition coefficients for Ni, Cu, Pd, Pt, Rh, and Ir be-
tween monosulphide solid solution and sulphide liquid and the formation
of compositionally zoned Ni-Cu sulphide bodies by fractional crystalliza-
tion of sulphide liquid: Canadian Journal of Earth Sciences, v. 34, p.
366–374.
Barnes, S.-J., Zientek, M., and Severson, M.J., 1997b, Ni, Cu, Au and plat-
inum group element contents of sulfides associated with intraplate mag-
matism: A synthesis: Canadian Journal of Earth Sciences, v. 34, p. 337–351.
Barnes, S.-J., Acterberg, E., Makovicky, E., and Li, C., 2001a, Proton probe
results for partitioning of platinum group elements between monosulphide
solid solution and sulphide liquid: South African Journal of Geology, v. 104,
p. 337–351.
Barnes, S.-J., Melehik, V., and Sokolov, S. V., 2001b, The composition and
mode of formation of the Pechenga nickel deposits, Kola peninsular, north-
western Russia: Canadian Mineralogist, v. 39, p. 447–472.
Barnes, S.J., 2004, Introduction to nickel sulphide orebodies and komatiites
of the Black Swan area, Yilgarn craton, Western Australia: Mineralium De-
posita, v. 39, p. 679–683.
——in press, Nickel deposits of the Yilgarn craton, in CSIRO explores, v. 3:
Melbourne, CSIRO.
Barnes, S.J., Gole, M.J., and Hill, R.E.T., 1988, The Agnew nickel deposit,
Western Australia. Part II. Sulfide geochemistry, with emphasis on the plat-
inum group elements: ECONOMIC GEOLOGY, v. 83, p. 537–550.
Bates, R.L., and Jackson, J.A., 1987, Glossary of geology: Alexandria, Virginia,
American Geological Institute, 788 p.
Bezmen, N.S., Asif, M., Brugmann, G.E., Romanenko, I.M., and Naldrett,
A.J., 1994, Experimental determinations of sulfide-silicate partitioning of
PGE and Au: Geochimica et Cosmochimica Acta, v. 58, p. 1251–1260.
Bleeker, W., 1990, Evolution of the Thompson nickel belt and its nickel de-
posits, Manitoba, Canada: Unpublished Ph.D. thesis, St. John’s, University
of New Brunswick. 444 p.
Borisov, A., and Palme, H., 2000, Solubilities of noble metals in Fe-contain-
ing silicate melts as derived from experiments in Fe-free system: American
Mineralogist, v. 85, p. 1665–1673.
Brenan, J.M., 2002, Re-Os fractionation in magmatic sulfide melt by mono-
sulfide solid solution: Earth and Planetary Science Letters, v. 199, p. 257–268.
Brenan, J.M., McDonough, W.F., and Dalpé, C., 2003, Experimental con-
straints on the partitioning of rhenium and some platinum group element
between olivine and silicate melt: Earth and Planetary Science Letters, v.
212, p. 135–150.
Brenner, T.L., Teixeira, N.A., Oliveira, J.A.L., Franke, N.D., and Thompson,
J.F.H., 1990, The O’Toole nickel deposit, Morro do Ferro greenstone belt,
Brazil: ECONOMIC GEOLOGY, v. 85, p. 904–920.
Brockrath, C., Ballhaus, C., and Holzheid, A., 2004, Fractionation of plat-
inum group elements during partial melting of the mantle: Science, v. 305,
p. 1951–1953.
Brügmann, G.E., Naldrett, A.J., Asif, M., Lightfoot, P.C., Gorbachev, N.S.,
and Fedorenko, V.A., 1993, Siderophile and chalcophile metals as tracers of
the evolution of the Siberian trap in the Noril’sk region, Russia: Geochim-
ica et Cosmochimica Acta, v. 57, p. 2001–2018.
Cabri, L.J., 2002, The platinum group minerals: Canadian Institute of Min-
ing, Metallurgy and Petroleum Special Volume 54, p. 13–129.
Cabri, L.J., Hall, S.R., Szymanski, J.T., and Stewart, J.M., 1973, On the trans-
formation of cubanite: Canadian Mineralogist, v. 12, p. 33–38.
Campbell, I.H., and Barnes, S.J., 1984, A model for the geochemistry of the
platinum group elements in magmatic sulphide deposits: Canadian Miner-
alogist, v. 22, p. 151–160.
Campbell, I.H., and Naldrett, A.J., 1979, The influence of silicate:sulfide ra-
tios on the geochemistry of magmatic sulfides: ECONOMIC GEOLOGY, v. 74,
p. 1503–1505.
Campbell, I.H., Czamanske, G.K., Fedoernko, V.A., Hill, R.I., Stepanov,
V.A., and Kunilov, V.E., 1992, Synchronism of the Siberian traps and the
Permian-Trassic boundary: Science, v. 258, p. 1760–1763.
Capobianco, C.J., and Drake, M.J., 1990, Partionning of Ru, Rh, and Pd
between spinel and silicate melt and implications for platinum group el-
ement fractionation trends: Geochimica et Cosmochimica Acta, v. 54, p.
869–874.
Capobianco, C.J., Hervig, R.L., and Drake, M.J., 1994, Experiments on crys-
tal/liquid partitioning of Ru, Rh and Pd for magnetite and hematite solid
solutions crystallized from silicate melt: Chemical Geology, v. 113, p.
23–43.
Card, K.D., Gupta, V.K., McGrath, P.H., and Grant, F.S., 1984, The Sudbury
structure: Ontario Geological Survey Special Volume 1, p. 25–43.
Cawthorn, R.G., and Meyer, F.M., 1993, Petrochemistry of the Okiep copper
district basic intrusive bodies, northwestern Cape province, South Africa:
ECONOMIC GEOLOGY, v. 88, p. 590–605.
Cawthorn, R.G., Boudreau, A.E., Barnes, S.J., Mallitch, K., and Ballhaus, C.,
2005, PGE, Cr, and V mineralization in igneous rocks: ECONOMIC GEOLOGY
100TH ANNIVERSARY VOLUME, p. 000.
Chabot, N.L., and Drake, M.J., 1997, An experimental study of silver and
palladium partitioning between solid and liquid metal, with applications to
iron meteorites: Meteoritics and Planetary Sciences, v. 32, p. 637–645.
Chai, G., and Naldrett, A.J., 1992, Characteristics of Ni-Cu-PGE mineraliza-
tion and genesis of the Jinchuan deposit, northwest China: ECONOMIC GE-
OLOGY, v. 87, p. 1475–1495.
Corfu, F., and Lightfoot, P.C., 1996, U-Pb geochronology of the sublayer en-
vironment, Sudbury Igneous Complex, Ontario: ECONOMIC GEOLOGY, v.
91, p. 427–432.
Crocket, J.H., 2002, Platinum-group element geochemistry of mafic and ul-
tramafic rocks: Canadian Institute of Mining, Metallurgy and Petroleum
Special Volume 54, p. 177–210.
Crocket, J.H., Fleet, M.E., and Stone, W.E., 1992, Experimental partitioning
of osmium, iridium and gold between basalt melt and sulphide liquid at
1300°C: Australian Journal of Earth Sciences, v. 39, p. 427–432.
Czamanske, G.K., Zen’ko, T.E., Fedorenko, V.A., Calk, L.C., Budahn, J.R.,
Bullock, J.H., Fires, T.L., King, B.-S.W., and Siems, D.F., 1995, Petro-
graphic and geochemical characterization of ore-bearing intrusions of the
Noril’sk type, Siberia, with discussions of their origin: Resources Geology
Special Issue 18, p. 1–48.
De Waal, S.A., Xu, Z., Li, C., and Mouri, H., 2004, Emplacement of viscous
mushes in the Jinchuan ultramafic intrusion, western China: Canadian
Mineralogist, v. 42, p. 371–392.
Dietz, R.S., 1964, Sudbury structure as an astrobleme: Journal of Geology, v.
72, p. 412–434.
Distler, V.V., 1994, Platinum mineralisation of the Noril’sk deposits: Ontario
Geological Survey Special Publication 5, p. 243–262.
Dressler, B.O., 1984a, The effects of the Sudbury event and the intrusion of
the Sudbury Igneous Complex on the footwall rocks of the Sudbury struc-
ture: Ontario Geological Survey Special Volume 1, p. 97–138.
——1984b, General geology of the Sudbury area: Ontario Geological Survey
Special Volume 1, p. 57–82.
Duzhikov, O.A., Distler, V.V., Strunin, B.M., Mkrtychan, A.K., Sherman,
M.L., Sluzhenikin, S.F., and Lurje, A.M., eds., 1992, Deep structure of the
Noril’sk region and distribution of the ore formations, geology, and metal-
logeny of sulfide deposits, Noril’sk region, U.S.S.R.: Society of Economic
Geologists Special Publication 1, p. 205–229.
Ebel, D.S., and Naldrett, A.J., 1996, Fractional crystallization of sulfide ore
liquids at high temperature: ECONOMIC GEOLOGY, v. 91, p. 607–637.
——1997, Crystallization of sulfide liquids and the interpretation of ore com-
position: Canadian Journal of Earth Sciences, v. 34, p. 352–365.
Eckstrand, O.R., 1996, Nickel-copper sulphides, in Eckstrand, O.R., Sinclair,
W.D., and Thorpe, R.I., eds., Geology of Canadian mineral deposit types:
Geological Survey of Canada, p. 584–605.
32 BARNES AND LIGHTFOOT
0361-0128/98/000/000-00 $6.00 32
Farrow, C.E.G., and Watkinson, D.H., 1999, An evaluation of the role of flu-
ids in Ni-Cu-PGE-bearing, mafic-ultramafic systems: Geological Associa-
tion of Canada, Short Course Notes, v. 13, p. 31–98.
Fleet, M.E., and Stone, W.E., 1991, Partitioning of platinum group elements
in the Fe-Ni-S system and their fractionation in nature: Geochimica et Cos-
mochimica Acta, v. 55, p. 245–253.
Fleet, M.E., Chryssoulis, S.L., Stone, W.E., and Weisener, C.G., 1993, Parti-
tioning of platinum group elements and Au in the Fe-Ni-Cu-S system: Ex-
periments on the fractional crystallization of sulphide melt: Contributions
to Mineralogy and Petrology, v. 115, p. 36–44.
Fleet, M.E., Crocket, J.H., Liu, M., and Stone, W.E., 1999, Laboratory par-
titioning of platinum group elements (PGE) and gold with application of
magmatic sulfide-PGE deposits: Lithos, v. 47, p. 127–142.
Francis, D.M., Ludden, J., and Hynes, A., 1983, Magma evolution in a Pro-
terozoic rifting environment: Journal of Petrology, v. 24, p. 556–582.
Francis, R.D., 1990, Sulfide globules in mid-ocean ridge basalts (MORB),
and effect of oxygen abundance in Fe-S-O liquids on the ability of those liq-
uids to partition metals from MORB and komatiite magmas: Chemical Ge-
ology, v. 85, p. 199–213.
French, B.M., 1967, Sudbury structure, Ontario: Some petrographic evi-
dence for origin by a meteorite impact: Science, v. 156, p. 1094–1098.
Freyssinet, P., Butt, C., and Morris, D., 2005, Ore-forming processes related
to lateritic weathering: ECONOMIC GEOLOGY 100TH ANNIVERSARY VOLUME,
p. 000.
Gaetani, G.A., and Grove, T.L., 1997, Partitioning of moderately siderophile
elements among olivine, silicate melt, and sulfide melt: Constraints on core
formation in the Earth and Mars: Geochimica et Cosmochimica Acta, v. 61,
p. 1829–1846.
Gillies, S.A., 1993, Physical volcanology of the Katinniq peridotite complex
and associated Fe-Ni-Cu(PGE) mineralization, Cape Smith belt, northern
Quebec: Unpublished M.Sc. thesis, University of Alabama, 146 p.
Giovenazzo, D., Picard, C., and Guha, J., 1989, Tectonic setting of Ni-Cu-
PGE deposits in the central part of the Cape Smith belt: Geoscience
Canada, v. 16, p. 148–151.
Golightly, P.J., 1994, The Sudbury Igneous Complex as an impact melt: Evo-
lution and ore genesis: Ontario Geological Survey Special Publication 5, p.
105–117.
Gorbunov, G.I., Yakovlev, Y.N., Goncharov, Y.N., Gorelov, V.A., and Tel’nov,
V.A., 1985, The nickel areas of the Kola peninsula: Geological Survey of
Finland Bulletin, v. 333, p. 41–66.
Grant, R.W., and Bite, A., 1984, Sudbury quartz diorite offset dykes: Ontario
Geological Survey Special Volume 1, p. 275–301.
Green, A.H. and Dupras, N., 1999, Exploration model for komatiitic peri-
dotite-hosted Ni-Cu-(PGE) mineralization in the Raglan belt: Mineral Ex-
ploration Research Centre, Laurentian University, Guidebook Series, v. 2,
p. 185–199.
Grieve, R.A.F., 1994, An impact model of the Sudbury structure: Ontario Ge-
ological Survey Special Publication 5, p. 119–132.
Grinenko, L.I., 1985, Sources of sulfur of the nickeliferous and barren gab-
bro-dolerite intrusions of the northwestern Siberian platform: International
Geology Review, v. 27, p. 695–708.
Hanski, E.J., 1992, Petrology of the Pechenga ferropicrites and cogenetic,
Ni-bearing gabbro-wehrlite intrusions, Kola peninsula, Russia: Geological
Survey of Finland Bulletin 367, 192 p.
Hanski, E.J., and Smolkin, V.F., 1989, Pechenga ferropicrites and other Early
Proterozoic picrites in the eastern part of the Baltic Shield: Precambrian
Research, v. 45, p. 63–82.
Hart, S.R., and Davis, K.E., 1978, Nickel partitioning between olivine and
silicate melt: Earth and Planetary Science Letters, v. 40, p. 203–219.
Helz, R.T., and Rait, N., 1988, Behavior of Pt and Pd in Kilauea Iki lava lake,
Hawaii [abs.]: Goldschmidt Conference, Geochemical Society, Baltimore,
Abstracts, p. 47.
Holzheid, A., and Lodders, K., 2001, Solubility of copper in silicate melts as
a function of oxygen and sulfur fugacities, temperature and silicate compo-
sition: Geochimica et Cosmochimica Acta, v. 65, p. 1933–1951.
Jago, B.C., Morrison, G.G., and Little, T.L., 1994, Metal zonation patterns
and microtextural and micromineralogical evidence for alkali- and halogen-
rich fluids in the genesis of the Victor Deep and McCreedy East footwall
copper orebodies, Sudbury Igneous Complex: Ontario Geological Survey
Special Publication 5, p. 65–75.
Jana, D., and Walker, D., 1997, The influence of sulfur on partitioning of
siderophile elements: Geochimica et Cosmochemica Acta, v. 61, p.
5255–5277.
Keays, R.R., 1995, The role of komatiitic and picritic magmatism and S-sat-
uration in the formation of the ore deposits: Lithos, v. 34, p. 1–18.
Keays, R.R., and Lightfoot, P.C., 2004, Formation of Ni-Cu platinum group
element sulphide mineralisation in the Sudbury impact melt sheet: Miner-
alogy and Petrology, v. 82, p. 217–258.
Kloeck, W., Palme, H., and Tobschall, H.J., 1986, Trace elements in natural
metallic iron from Disko Island, Greenland: Contributions to Mineralogy
and Petrology, v. 93, p. 273–282.
Krogh, T.E., Davis, D.W., and Corfu, F., 1984, Precise U-Pb zircon and bad-
daleyite ages for the Sudbury area: Ontario Geological Survey Special Vol-
ume 1, p. 431–446.
Kullerud, G., Yund, R.A., and Moh, G.H., 1969, Phase relations in the Cu-
Fe-S, Cu-Ni-S, and Fe-Ni-S systems: ECONOMIC GEOLOGY MONOGRAPH 4,
p. 323–343.
Lambert, D.D., and Ripley, E.M., 1999, Geodynamics of giant magmatic ore
systems: Lithos, v. 47, p. 1–156.
Lamothe, D., 1986, Développements récents dans la Fosse de l’Ungava:
Ministère de l’Énergie et des Ressources du Québec, DV 86–16, p. 1–6.
Lesher, C.M., and Burnham, O.M., 2001, Multicomponent elemental and
isotopic mixing in Ni-Cu-(PGE) ores at Kambalda, Western Australia:
Canadian Mineralogist, v. 39, p. 421–446.
Lesher, C.M., and Keays, R.R., 2002, Komatiite-associated Ni-Cu-(PGE) de-
posits: Geology, mineralogy, geochemistry and genesis: Canadian Institute
of Mining, Metallurgy and Petroleum Special Volume 54, p. 579–618.
Lesher, C.M., and Thurston, P.C., 2002, A special issue devoted to the min-
eral deposits of the Sudbury basin: ECONOMIC GEOLOGY, v. 97, p.
1373–1606.
Lesher. C.M., Arndt, N.T., and Groves, D. 1984, Genesis of komatiite-asso-
ciated nickel sulphide deposits at Kambalda, Western Australia: A distal
volcanic model, in Buchanan, D.L., and Jones, M.J., ed, Sulphide deposits
in mafic and ultramafic rocks: London, Institute of Mining and Metallurgy,
p. 70–80.
Lesher, C.M., Thibert, F., Gilles, S.L., Stilton, C.M., Thacker, J.L., and
Williams, D.A., 1999, Lithology and physical volcanology of komatiitc peri-
dotite-gabbro complexes of the Raglan block: Sudbury, Mineral Explo-
ration Research Centre, Laurentian University, Guidebook Series, v. 2, p.
43–60.
Li, C., and Naldrett, A.J., 1999, Geology and petrology of the Voisey’s Bay in-
trusion: Reaction of olivine with sulfide and silicate liquids: Lithos, v. 47, p.
1–31.
Li, C., and Ripley, E.M., in press, Empirical equations to predict the sulfur
content of mafic magmas at sulfide saturation and applications to magmatic
sulfide deposits:  Mineralium Deposita.
Li, C., Naldrett, A.J., Rucklidge, J.C., and Kilius, L.R., 1983, Concentration
of platinum group elements and gold in sulfides from the Strathcona de-
posit, Sudbury, Ontario: Canadian Mineralogist, v. 31, p. 523–531.
Li, C., Barnes, S.J., Makovicky, E., Karup-Moller, S., Makovicky, M., and
Rose-Hansen, J., 1996, Partitioning of Ni, Cu, Ir, Rh, Pt and Pd between
monosulfide solid solution and sulfide liquid: Effects of composition and
temperature: Geochimica et Cosmochimica Acta, v. 60, p. 1231–1238.
Lightfoot, P.C., and Farrow, C.E.G., 2002, Geology, geochemistry, and min-
eralogy of the Worthington offset dike: A genetic model for offset dike min-
eralization in the Sudbury Igneous Complex: ECONOMIC GEOLOGY, v. 97, p.
1419–1445.
Lightfoot, P.C., and Keays, R.R., 2005, Siderophile and chalcophile metal
variations in flood basalts from the Siberian trap, Noril’sk region: Implica-
tion for the origin of the Ni-Cu-PGE sulfide ores: ECONOMIC GEOLOGY, v.
100, p. 439–462.
Lightfoot, P.C., and Naldrett, A.J., 1994, Proceedings of the Sudbury-Noril’sk
symposium: Geological Survey of Ontario Special Publication 5, 423 p.
——1999, Geological and geochemical relationships in the Voisey’s Bay in-
trusion, Nain plutonic suite, Labrador, Canada: Geological Association of
Canada Short Course, v. 13, p. 1–30.
Lightfoot, P.C., Keays, R.R., Morrison, G.G., Bite, A., and Farrel, K., 1997a,
Geochemical relationships in the Sudbury Igneous Complex: Origin of the
main mass and offset dikes: ECONOMIC GEOLOGY, v. 92, p. 289–307.
Lightfoot, P.C., Keays, R.R., Morrison, G.G., Bite, A., and Farrel, K., 1997b,
Geologic and geochemical relationships between the contact sublayer, in-
clusions, and the main mass of the Sudbury Igneous Complex: A case study
of the Whistle mine embayment: ECONOMIC GEOLOGY, v. 92, p. 647–673.
Lightfoot, P.C., Keays, R.R., and Doherty, W., 2001, Chemical evolution and
origin of nickel sulfide mineralization in the Sudbury Igneous Complex,
Ontario, Canada: ECONOMIC GEOLOGY, v. 96, p. 1855–1875.
FORMATION OF MAGMATIC NICKEL SULFIDE ORE DEPOSITS 33
0361-0128/98/000/000-00 $6.00 33
Likhachev, A.P., 1973, On the nature of magmatic deposits: Soviet Geology,
v. 5, p. 33–47.
Lorand, J.P., 1993, Comment on “Content and isotopic composition of sul-
phur in ultramafic xenoliths from central Asia” by D.A. Ionov, J. Hoefs,
K.H. Wedepohl and U. Wiechert. Discussion: Earth and Planetary Science
Letters, v, 119, p. 627–634.
Lorand, J-Pl, and  Alard, O., 2001, Platinum-group element abundances in
the upper mantle; new constraints from in situ and whole-rock analyses of
Massif Central xenoliths (France):  Geochimica et Cosmochimica Acta,
v.65, p. 2789–2806.
MacLean, W.H., 1969, Liquidus phase relations in the FeS-FeO-Fe3O4-SiO2
system, and their application in geology: ECONOMIC GEOLOGY, v. 64, p.
865–884.
Maier, W.D., and Barnes, S.-J., 1996, Magnetites of the Caribia Cu-mine,
Bahia, Brazil: Canadian Mineralogist, v. 34, p. 701–716.
Maier, W.D., Barnes, S.-J., and De Waal, S.A., 1998, Exploration for mag-
matic Ni-Cu-PGE sulphide deposits: A review of recent advances in the
use of geochemical tools and their applications to some South African ores:
South African Journal of Geology, v. 101, p. 237–253.
Maier, W.D., Barnes, S.-J., and Marsh, J.S., 2003a, The concentration of the
noble metals in southern African flood-type basalts and MORB: Implica-
tions for petrogenesis and magmatic sulphide exploration: Contributions to
Mineralogy and Petrology, v. 146, p. 44–61.
Maier, W.D., Roelofse, F., and Barnes, S.-J., 2003b, The concentration of the
platinum-group elements in South African komatiites: Implications for
mantle sources,melting regime and PGE fractionation during crystalliza-
tion: Journal of Petrology, v. 44, p. 1787–1804.
Makovicky, E., 2002, Ternary and Quaternary phase systems with PGE, in
Cabri, L.J., ed., The geology, geochemistry, mineralogy and mineral bene-
ficiation of platinum-group elements: Canadian Institute of Mining and
Metallurgy Special Volume 54, p. 131–175.
Marston, R.J., Groves, D.I., Hudons, D.R., and Ross, J.R., 1981, Nickel sul-
fide deposits in Western Australia: A review: ECONOMIC GEOLOGY, v. 76, p.
1330–1363.
Mavrogenes, J.A.,. and O’Neill, H.St.C., 1999, The relative effects of pres-
sure, temperature and oxygen fugacity on the solubility of sulfide in mafic
magmas: Geochimica et Cosmochimica Acta v. 63, p. 1173–1180.
McDonough, W.W., and Sun, S.-S., 1995, The composition of the Earth:
Chemical Geology, v. 120, p. 223–253.
Melezhik, V.A., Hudson-Edwards, K.A., Green, A.H., and Grinenko, L.N.,
1994, The Pechenga area, Russia. 2. Nickel-copper deposits and related
rocks: Transactions Institution of Mining Metallurgy, v. 103, sec. B, p.
146–161.
Molnar, F., Watkinson, D.H., Jones, P.C., and Gatter, I., 1997, Fluid inclusion
evidence for hydrothermal enrichment of magmatic ore at the contact zone
of the Ni-Cu-platinum group element 4b deposit, Lindsley mine, Sudbury,
Canada: ECONOMIC GEOLOGY, v. 92, p. 674–685.
Momme, P., Oskarssone, N., and Keays, R.R., 2002, Platinum-group ele-
ments in the Icelandic rift system: Melting processes and mantle sources
beneath Iceland: Chemical Geology, v. 127, p. 209–234.
Mungall, J.E., and Brenan, J.M., 2003, Experimental evidence for the chal-
cophile behavior of the halogens: Canadian Mineralogist, v. 41, p. 207–220.
Nabil H., Clark T, and Bames, S-J. 2004, A Ni-Cu-Co-PGE massive sulfide
prospect in a gabbronorite dike at Lac Volant, eastern Grenville province,
Québec: Geological Society of America Memior 197, p. 145–162 
Naldrett, A.J., 2004 Magmatic sulfide deposits: Geology, geochemistry and
exploration: Berlin, Springer, 727 p.
Naldrett, A.J., and Li, C., 2000, A special issue on Voisey’s Bay Ni-Cu-Co de-
posit: ECONOMIC GEOLOGY, v. 95, 915 p.
Naldrett, A.J., Fedorenko, V.A., Asif, M., Lin, S., Kunilov, V.E., Stekhin, A.I.,
Lightfoot, P.C., and Gorbachev, N.S., 1996a, Controls on the composition
of Ni-Cu sulfide deposits as illustrated by those at Noril’sk, Siberia: ECO-
NOMIC GEOLOGY, v. 91, p. 751–773.
Naldrett, A.J., Keats, H., Sparks, K., and Moore, R., 1996b, Geology of the
Voisey’s Bay Ni-Cu-Co deposit, Labrador, Canada: Exploration and Mining
Geology, v. 5, p. 169–179.
Naldrett, A.J., Asif, M., Schandl, E., Searcey, T., Morrison, G.G., Binney,
W.P., and Moore, C., 1999, Platinum-group elements in the Sudbury ores:
Significance with respect to the origin of different ores zones and to the ex-
ploration for footwall orebodies: ECONOMIC GEOLOGY, v. 94, p. 185–210.
Naldrett, A.J., Asif, M., and Kristic, S., 2000, The composition of mineraliza-
tion of the Voisey’s Bay Ni-Cu sulfide deposit, with special reference to
platinum group elements: ECONOMIC GEOLOGY, v. 95, p. 845–865.
Noddack, W., Noddack, I., and Bohnstedt, U., 1940, Du treilungskoeffizien-
ten der scwermetalle-zweischen eisensufid und eisen: Zeitschift Anorgan
Chemie, v. 244, p. 252–280.
Paktunc, A.D., Hulbert, L.J., and Harris, D.C., 1990, Partitioning of the plat-
inum group and other trace elements in sulfides from the Bushveld Com-
plex and Canadian occurrences of nickel-copper sulfides: Canadian Miner-
alogist, v. 28, p. 475–489.
Papunen, H., 1989, Platinum-group elements in metamorphosed Ni-Cu de-
posits in Finland, in Prendergast, M., ed., Magmatic sulphides—the Zim-
babwe volume: London, Institution of Mining and Metallurgy, p. 165–176.
Parrish, R.R., 1989, U-Pb geochronology of the Cape Smith belt and Sugluk
block, northern Quebec: Geoscience Canada, v. 16, p. 126–129.
Pattison, E.F., 1979, The Sudbury sublayer: Canadian Mineralogist, v. 17, p.
257–274.
Peach, C.L., Mathez, E.A., and Keays, R.R., 1990, Sulfide melt-silicate melt
distribution coefficients for noble metals and other chalcophile elements as
deduced from MORB: implications for partial melting: Geochimica et Cos-
mochimica Acta, v. 54, p. 3379–3389.
Peach, C.L., Mathez, E.A., Keays, R.R., and Reeves, S.J., 1994, Experimen-
tally determined sulfide melt-silicate melt partition coefficients for iridium
and palladium: Chemical Geology, v. 117, p. 361–377.
Peltonen, P., 2004, Mafic-ultramafic intrusions of the Svecofennian orogen,
in Lehtinen, M., Nurmi, P. A., and Ramo, O. T., eds., Precambrian bedrock
of Finland—a key to the evolution of the Fennoscandian Shield: Amster-
dam, Elsevier, p. 413–417.
Peregoedova, A., Barnes, S.-J., and Baker, D.R., 2004, The formation of the
Pt-Ir alloys and Cu-Pd rich sulfide melts by partial desulfurization of Fe-
Ni-Cu sulfides: Results of experiments and implications for natural sys-
tems: Chemical Geology, v. 208, p. 247–264.
——in press, Formation of Ru-Os alloys and laurite (Ru,Os)S2 in the pres-
ence of monosulfide solid solution and sulfide liquid in the system Fe-Ni-
Cu-S: Canadian Mineralogist.
Philipp, H., Eckhardt, J.-D., and Puchelt, H., 2001, Platinum-group ele-
ments (PGE) in basalts of the Seaward-dipping reflector sequence, SE
Greenland coast: Journal of Petrology, v. 42, p. 407–432.
Picard, C.P., Lamothe, D., Piboule, M., and Olivier, R., 1990, Magmatic and
geotectonic evolution of a Proterozoic oceanic basin system: the Cape
Smith thrust-fold belt (New Quebec): Precambrian Research, v. 47, p.
223–249.
Rae, D.R., 1975, Inclusions in the sublayer from Strathcona mine, Sudbury
and their significance: Unpublished M.Sc. thesis, Toronto, University of
Toronto, 194 p.
Rajamani, V., and Naldrett, A.J., 1978, Partitioning of Fe, Co, Ni and Cu be-
tween sulfide liquid and basaltic melts and the composition of Ni-Cu sul-
fide deposits: ECONOMIC GEOLOGY, v. 73, p. 82–93.
Rice, A., and Moore, J., 2001, Physical modeling of the formation of komati-
ite-hosted nickel deposits and a review of the thermal erosion paradigm:
Canadian Mineralogist, v. 39, p. 491–503.
Righter, K., Campbell, A.J., Humayun, M., and Hervig, R.L., 2004, Parti-
tioning of Ru, Rh, Pd, e, Ir and Au between Cr-bearing spinel, olivine, py-
roxene and silicate melts: Geochimica et Cosmochimica Acta, v. 68, p.
867–880.
Ripley, E.M., 1981, Sulfur isotopic studies of the Dunka Road Cu-Ni deposit,
Duluth Complex, Minnesota: ECONOMIC GEOLOGY, v. 76, p. 610–620.
Ripley, E.M., and Al-Jassar, T.J., 1987, Sulfur and oxygen isotope studies of
melt-country rock interaction, Babbitt Cu-Ni deposit, Duluth Complex,
Minnesota: ECONOMIC GEOLOGY, v. 82, p. 87–107.
Ripley, E.M., and Li, C., 2003, Sulfur isotope exchange and metal enrich-
ment in the formation of magmatic Cu-Ni-(PGE) deposits: ECONOMIC GE-
OLOGY, v. 98, p. 635–641.
Ripley, E.M., Brophy, J.G., and Li, C., 2002a, Copper solubility in a basaltic
melt and sulfide liquid/silicate melt partition coefficients of Cu and Fe:
Geochimica et Cosmochimica Acta, v. 66, p. 2791–2800.
Ripley, E.M., Li, C., and Shin, D., 2002b, Paragneiss assimilation in the gen-
esis of magmatic Ni-Cu-Co sulfide mineralization at Voisey’s Bay, Labrador,
δ34S, δ13C and Se/S evidence: ECONOMIC GEOLOGY, v. 97, p. 1307–1318.
Rosengren, N.M., Beresford, B.A., Grguric, B.A., and Cas, R.A.F., 2005, An
intrusive origin for the komatiitic-dunitic hosted Mount Keith nickel sul-
fide deposits, Western Australia: ECONOMIC GEOLOGY, v. 100, p. 149–156.
Roy-Barman, M., Wasserburg, G.J., Papanastasiou, D.A., and Chaussidon,
M., 1998, Osmium isotopic compositions and Re-Os concentrations in sul-
fide glaobules from basaltic glasses: Earth and Planetary Science Letters, v.
154, p. 331–347.
34 BARNES AND LIGHTFOOT
0361-0128/98/000/000-00 $6.00 34
Ryan, B., Wardle, R.J.G., Gower, C.F., and Nunn, G.A.G., 1995, Nickel-cop-
per sulfide mineralization in Labrador: the Voisey’s Bay discovery and its
exploration implications: Geological Survey of Newfoundland and
Labrador Current Research 95–1, p. 177–201.
Sattari, P., Brenan, J.M., and Horn, I., 2002, Experimental constraints on the
sulfide- and chromite-silicate melt partitioning behavior of rhenium and
platinum group elements: ECONOMIC GEOLOGY, v. 97, p. 385–398.
Scribbins, B.T., Rae, D.R., and Naldrett, A.J., 1984, Mafic and ultramafic in-
clusions in the sublayer of the Sudbury Igneous Complex: Canadian Min-
eralogist, v. 22, p. 67–75.
Smolkin, V.F., 1977, Petrology of the Pilgujärvi ore-bearing intrusion
(Pechenga): VINITI, v. 2114–2177, 216 p.
Souch, B.E., Podolsky, T., and Geological Staff of International Nickel Com-
pany Canada Ltd., 1969, The sulfides ores of Canada: Their particular re-
lation to a distinctive inclusion-bearing facies of the nickel irruptive: ECO-
NOMIC GEOLOGY MONOGRAPH 4, p. 252–261.
Spray, J.G., 1995, Pseudotachylite controversy: Fact or fiction?: Geology, v.
23, p. 1119–1122.
Stone, W.E., Crocket, J.H., and Fleet, M.E., 1990, Partitioning of palladium,
iridium, platinum and gold between sulfide liquid and basalt melt at
1200°C: Geochimica et Cosmochimica Acta, v. 54, p. 2341–2344.
Tang, Z., 1993, Genetic model of the Jinchuan nickel-copper deposit: Geo-
logical Association of Canada Special Paper 40, p. 389–401
Taylor, S.R., and McClennan, S.M., 1985, The continental crust: Its compo-
sition and evolution an examination of the geochemical record preserved in
sedimentary rocks: Oxford, Blackwell Scientific Publication, 312 p.
Thériault, R., and Barnes, S.J., 1998, Compositional variations in Cu-Ni-PGE
sulfides of the Dunka Road deposit, Duluth Complex, Minnesota: The im-
portance of combined assimilation and magmatic processes: Canadian Min-
eralogist, v. 36, p. 869–886.
Vaillancourt, C., 2001, Indice de Ni-Cu-EPG du Lac Kenogami: Unpub-
lished M.Sc. thesis, Université du Québec à Chicoutimi, 187 p.
Vokes, F.M., 1969, A review of the metamorphism of sulphide deposits:
Earth-Science Reviews, v. 5, p. 99–143.
Wendlandt, R.F., 1982, Sulfide saturation of basalt and andesite melts at high
pressures and temperatures: American Mineralogist, v. 67, p. 877–855.
Wolf, R., and Anders, E., 1980, Moon and Earth: Compositional differences
inferred from siderophiles, volatiles, and alkalis in basalts: Geochimica et
Cosmochimica Acta, v. 44, p. 2111–2124.
Yumul, G.P., 2001, The Acoje block platiniferous dunite horizon, Zambales
ophiolite complex, Philippines: Melt type and associated geochemical con-
trols: Resources Geology, v. 51, p. 165–171.
Zak, S.I., Makarov, V.N., Kochnev-Pervukhov, V.I., Prekuryokov, V.V., Zask-
ingd, E.S., Batashev, E.V., and Kolesnikov, G.P., 1982, Geology, magmatism
and ore formation in the Pechenga ore field: Leningrad, Nedra, 112 p.
Zen’ko, T.E., and Czamanske, G.K., 1994, Spatial and petrologic aspects of
the intrusions of the Noril’sk and Talnakh ore junctions: Ontario Geological
Survey Special Publication  5, p. 263–281.
Zientek, M.L., Likhachev, A.P., Kunilov, V.E., Barnes, S.J., Meier, A.L., Carl-
son, R.R., Briggs, P.H., Fries, T.L., and Adrian, B.M., 1994, Cumulus
processes and the composition of magmatic ore deposits: Examples from
the Talnakh district, Russia: Ontario Geological Survey Special Publication
5, p. 373–392.
FORMATION OF MAGMATIC NICKEL SULFIDE ORE DEPOSITS 35
0361-0128/98/000/000-00 $6.00 35
